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DEPHASING  PROCESSES  IN  HI-V  SEMICONDUCTORS 

PROJECT  SUMMARY 

Our  study  has  dealt  with  both  experimental  and  theoretical  studies  of 
electronic  "dephasing"  processes  in  a  variety  of  model  semiconductor 
systems,  all  based  upon  III-V  materials  and  heterostructures. 
Attention  has  been  primarily  given  to  dephasing  processes  in  excitonic 
systems,  however,  free-carrier  dynamics  have  not  been  ignored.  We 
have  studied  the  following  model  systems:  exciton-polaritons  in 
GaAs,  3D  bulk  excitons  in  GaAs,  quasi-2D  interface  excitons  in 
GaAs/ AlxGa  j.xAs  heterostructures,  excitons  in  type-II 
GaAs/AlxGai.xAs  structures,  and  excitons  and  free-carriers  in 
ordered  InxGai.xP.  Experimental  techniques  utilized  include: 
photoluminescence  (PL),  PL-excitation,  PL  decay  kinetics,  time- 
resolved  PL-excitation,  resonant  Raman  scattering,  time-resolved 
spectroscopies,  resonant  Brillioun  scattering,  and  all-optical  carrier 
transport  measurements.  Our  theoretical  studies  have  included: 
modeling  of  carrier  transport  and  capture  into  shallow  excitonic  states, 
rate  equation  modeling  of  free-exciton  and  free-carrier  radiative 
decay,  modeling  of  excitonic  transport,  localization,  and  trapping,  and 
modeling  of  nonradiative  energy  transfer  and  decay  processes. 


2 


1.  Introduction. 

With  a  goal  of  improving  our  understanding  of  dephasing  processes  in 
semiconductors,  progress  has  been  made  towards  this  end  with  support  from 
the  Office  of  Naval  Research  under  the  current  contract,  N00014-92-J-1927, 
from  May  1,  1992  through  the  present,  and  ending  on  September  30,  1993.  This 
work  has  been  performed  in  collaboration  with  Dr.  D.J.  Wolford  at  the  IBM  T.J. 
Watson  Research  Center. 

The  general  scope  of  our  effort  concerns  dephasing  processes  in  III-V 
semiconductors.  Dephasing  refers  to  the  stochastic  interaction  between  a 
coherent,  photoexcited  ensemble  of  carriers  or  excitons  and  their  crystalline 
environment.  This  interaction  may  assume  many  forms,  including:  multiphonon 
emission,  carrier-phonon  scattering,  carrier-carrier  scattering,  interface 
scattering,  scattering  at  alloy  and/or  potential  fluctuations,  spectral  and  spatial 
diffusion,  and  radiative  emission.  These  processes  may  be  quite  complex  and 
interconnected  with  other  processes,  and  generally  occur,  in  these  systems,  on  a 
very  fast  time  scale  (<  500  ps),  necessitating  utilization  of  complex  time- 
resolved  (fs/ps)  experiments  together  with  complementary  experiments 
designed  to  give  a  complete  picture  of  all  dynamical  processes. 

We  have  investigated  the  optical  and  dephasing  properties  of  exciton- 
polaritons  in  GaAs,  3D  bulk  excitons  in  GaAs,  2D  excitons  in  GaAs/AlxGaj. 
xAs  quantum-wells,  quasi-2D  interface  excitons  in  GaAs/AlxGaj.xA s 
heterostructures,  and  excitons  in  type-II  GaAs/AlxGa i.xAs  structures. 
Additionally,  we  have  made  some  preliminary  measurements  of  the  transport  of 
excitons  and  free-carriers  in  ordered  InxGa^.xP.  Also,  importantly,  we  have 
investigated  the  quality  of  all  materials  prior  to  any  detailed  study  of  dephasing 
processes,  thus  insuring  that  the  observed  dynamics  truly  represent  the  effects 
of  a  wholly  intrinsic  or  specifically  desired  extrinsic  process.  These  studies  may 
include  assessing  the  quality  of  heterointerfaces,  effects  of  residual  strain  on 
carrier  dynamics,  wavefunctions,  and  energies  in  an  epi-layer,  and  the  effects  of 
bulk  or  interface  impurities/defects. 

We  have  used  a  variety  of  experimental  techniques  to  study  these 
systems.  These  include  photoluminescence  (PL),  PL-excitation  (PLE),  time- 
resolved  PL,  time-  and  spatially-resolved  PL,  and  time-resolved  "spatial- 
expansion"  measurements  to  characterize  and  quantify  dynamics  in  these 
systems.  These  experimental  results  have  been  modeled  theoretically  in  an 
effort  to  gain  further  insight  into  the  observed  results.  Such  theory  includes 
modeling  of  wavefunctions  and  ground-state  energies  of  excitons,  and  excitonic 
diffusion,  localization,  and  trapping,  and  time-dependent  bandbending  and 
screening  influencing  excitonic  transport. 

2.  Results. 

The  following  is  a  list  of  the  systems  studied  during  the  term  of  this 
contract. 
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•  Cross-Interface  Exciton  Transport  in  Type-II  GaAs/AlAs  Short-Period 
Superlattices. 

•  Direct  Electron-Hole  Plasma  Transport  in  Type-II  GaAs/AlAs  Short- Period 
Superlattices. 

•  Screening  and  Heterointerfacial  Bandbending  Influenced  Quasi-2D  Excitonic 
Transport. 

•  Free-Exciton  Recombination  in  Bulk  GaAs. 

•  Photoexcited  Carrier  Transport  in  Ordered  InxGa^.xP. 

Here,  we  will  describe  in  more  detail  the  progress  and  results  obtained  for 
each  of  these  model  systems. 

2.1  Cross-Interface  Exciton  Transport  in  Type-II  GaAs/AlAs  Short- 
Period  Superlattices. 

We  have  reported  the  first,  as  far  as  we  are  aware,  direct  experimental 
determination  of  excitonic  transport  properties  in  type-II  GaAs/AlAs  short- 
period  superlattices.  We  have  demonstrated  conclusively  and  directly  that  the 
transport  is  governed  by  the  thermal  activation  from  localized  states  to  highly- 
mobile  states,  a  conclusion  which  heretofor  has  only  been  indirectly 
hypothesized.  Further,  from  such  measurements  we  have  quantified  the 
heterointerfacial  disorder  which  is  most  probably  responsible  for  the  observed 
excitonic  localization. 

We  have  also  observed  temperature  invariant  PL  lineshapes,  which 
suggests  that  the  type-II  radiative  recombination  only  occurs  from  localized 
states,  otherwise,  the  recombination  of  excitons  in  the  higher-energy  mobile 
states  would  yield  a  distinct  high-energy  tail  in  the  PL  spectra.  Since  spatially 
separated  electrons  and  holes  are  attracted,  via  the  Coulomb  potential,  to  the 
heterointerface,  and,  therefore,  are  intimate  contact  with  the  heterointerface, 
their  optical  and  electronic  properties  should  be  very  sensitive  to  any  possible 
heterointerfacial  disorder.  Thus,  we  conclude  that  the  localization  results  from 
disorder  in  the  heterointerfacial  potential,  and  that  this  heterointerface  roughness 
is  vital  to  the  recombination  mechanism.  The  PL  spectrum  is  indicative  of  the 
distribution  of  localized  states.  Our  results  also  suggest  that  the  mobile  states 
are  ~  6.8  meV  higher  than  the  distribution  of  localized  states.  The  temperature- 
dependent  transport  probably  results  from  the  temperature-dependent  excitonic 
occupation  of  mobile  versus  stationary  localized  states,  rather  than  from  a 
temperature-dependence  of  the  diffusivity  of  mobile  excitons  alone.  We  have 
thus  proposed  the  following  model:  (1)  at  low-temperatures  (kT  «  AE)  all 
excitons  are  localized  and  recombine  radiatively  with  the  PL  indicative  of  this 
distribution  of  localized  states,  (2)  as  temperature  is  increased  (kT  ~  AE) 
excitons  may  be  thermally-detrapped  yielding  a  significant,  temperature- 
dependent  population  in  the  mobile  states,  (3)  these  mobile  excitons  may  then 
spatially  diffuse,  but  do  not  radiate  from  these  states,  (4)  as  these  mobile 
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excitons  diffuse  they  may  become  trapped  at  a  nonradiative  defect,  and  thus 
disappear,  and  (5)  the  mobile  excitons  may  also  spatially  diffuse  and  become 
relocalized  in  the  lower-energy  sites  and  subsequently  recombine.  This  model 
explains  all  of  the  experimental  observations. 

We  have  derived  a  microscopic  model  for  nonradiative  decay  in  type-II 
superlattices.  This  model  combines  our  measured  temperature-dependent 
diffusion  with  trapping  at  heterointerfacial  defects,  resulting  in  temperature- 
dependent  PL  decay-kinetics  and  efficiencies.  Using  this  model  we  calculate, 
for  the  first  time,  a  nonradiative  defect  sheet  density  of  ~  1.2x10*^  cm‘2.  This 
nonradiative  defect  density  is  also  consistent  with  the  temperature-independent 
diffusion  lengths  of  ~  3  pm,  derived  from  our  transport  and  kinetic 
measurements.  This  relatively  small  density  of  nonradiative  defects  is  consistent 
with  possible  heterointerfacial  oxygen  incorporation  and/or  interfacial 
dislocations,  but  this  is  only  speculation. 

Our  temperature-dependent  transport  alludes  to  a  higher-lying  energy 
level  in  which  cross-interface  excitons  are  highly  mobile,  and  a  distribution  of 
localized  states  governing  the  PL  lineshape.  One  possible  explanation  for  such 
an  electronic  energy-level  system  might  be  due  to  the  nondegenerate  Xz  and 
Xx,Y  states.  Excitons  in  the  lower  energy  Xz  state,  with  momentum 
perpendicular  to  the  layer,  may  be  localized,  whereas  excitons  in  the  Xx,y 
states,  with  momentum  parallel  to  the  layer  and  in  the  plane  of  observation,  may 
lie  ~  7  meV  higher  in  energy  and  be  highly  mobile.  We  also  recognize  that  our 
experiments  actually  excite  excitons  at  all  interfaces,  and  thus  our  diffusion 
constants,  nonradiative  trap  densities,  etc.,  are  indicative  of  an  average  over  all 
interfaces. 

In  summary  we  have  reported  a  direct  observation  of  the,  heretofore  only 
postulated,  temperature-dependent,  spatial  localization  of  cross-interface 
excitons  in  type-II  superlattices.  We  have  also  developed  a  quantitative  model 
relating  the  excitonic  decay  kinetics  to  their  transport.  Our  model  accurately 
predicts  the  observed  PL  decay  kinetics  using  the  measured  diffusivities.  From 
this  model  we  may  characterize  the  heterointerface  quality  in  terms  of  the 
density  of  nonradiative  traps,  which  for  this  sample  is  about  1.2x10^  cm-2.  This 
is,  to  our  knowledge,  the  first  optical  determination  of  quantitative 
heterointerfacial  nonradiative  defect  sheet  densities. 

2.2  Direct  Electron-Hole  Plasma  Transport  in  Type-II  GaAs/AlAs  Short- 
Period  Superlattices. 

We  have  measured  the  time-  and  space-resolved  Photoluminescence 
(PL)  at  high  laser-excitation  densities  in  GaAs/AlAs  Short-Period  Superlattices 
made  naturally  type-II  through  appropriate  choice  of  well  and  barrier  layer 
thicknesses.  At  high  excitation-densities  (>10l8  cm' 3)  we  observe  a 
luminescence  feature  at  higher  energies  than  the  zero-phonon,  X^-T  type-II 
cross-interface  excitonic  recombination.  This  PL  emission  decays  exponentially 
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in  <  1  ns,  and  dominates  the  PL  spectra  at  early  times.  We  attribute  this  PL  to 
the  recombination  of  a  direct  electron-hole  plasma, due  to  this  short  lifetime,  and 
the  fact  that  this  emission  only  occurs  at  low-temperatures  and  high  excitation- 
densities.  We  find,  using  a  confocal  PL  imaging  technique,  that  the  transport  of 
the  this  direct  electron-hole  plasma  is  very  rapid  -  expanding  from  =  5  pm  to  = 
30  pm  in  2-3  ns  (near  sound-velocity),  and  may  affect  the  observed  transport  of 
the  spatially  indirect  cross-interface  excitons. 

Recently  MacKay,  et  al.l  have  studied  the  PL  from  highly-excited  type-II 
structures,  such  as  ours.  From  detailed  time-dependent  PL  spectra,  they  derive 
an  electron-hole  plasma  density  versus  time,  and  find  that  the  density  is  almost 
constant,  whereas  the  peak  PL  emission  intensity  drops  by  more  than  an  order- 
of-magnitude  on  the  same  time-scale.  They  conclude,  based  upon  these 
observations,  that  there  may  possibly  be  electron-hole  condensation  (i.e.  liquid) 
in  this  system.  For  this  to  be  true,  it  would  require  that  the  spatial  distribution  of 
carriers  must  contract  spatially  with  time.  We  find  in  our  structures  that  this  is 
not  the  case,  in  contrast  we  observe  a  rapid  spatial  expansion  of  the  carrier 
distribution.  Our  results  therefore  disagree  with  the  conclusions  of  MacKay,  et 
al.l.  However,  because  we  haven’t  examined  a  wide  variety  of  type-II 
structures  to  date,  we  cannot  say  that  electron-hole  condensation  does  not 
occur  for  all  type-II  systems.  Indeed  MacKay,  et  al.l  note  that  their  results  are 
not  obtained  for  all  type-II  structures,  but  only  for  a  select  few.  Therefore,  this 
study  clearly  requires  more  work  to  make  any  universal  statements.  At  this 
point,  all  we  can  say  is  that  condensation  does  not  occur  for  the  samples  that 
we  have  examined. 

1.  J.L.  Mackay,  M.D.  Sturge,  M.H.  Meynadier,  M.C.  Tamargo,  and  J.L. 
deMiguel,  J.  of  Lumin.  48,49,  731  (1991). 

2.3  Screening  and  Heterointerfacial  Bandbending  Influenced  Quasi-2D 
Excitonic  Transport. 

We  have  measured  spatially,  temporally,  and  spectrally  resolved  quasi-2D 
exciton  recombination,  the  so-called  H-band  emission,  in  a  bulk  GaAs/AlxGaj. 
xAs  double  heterostructures.  We  have  directly  measured  the  time-  and  injected 
carrier-density  dependent  heterointerfacial  bandbending,  and  thus  demonstrate 
the  importance  of  this  bandbending  on  the  lateral  spatial  transport  of  excitons 
localized  at  the  GaAs/AlxGaj.xAs  heterointerfaces.  This  time-dependence 
originates  from  the  time-dependent  exciton  density  (due  to  radiative 
recombination)  and  the  screening  of  the  built-in  equilibrium  heterointerface  field 
by  the  highly  polarized  (in  the  growth  direction)  interface  excitions.  These 
conclusions  are  further  confirmed  through  numerical  modeling  of  the  dynamical, 
time-dependent  electrostatics  -  relying  heavily  on  our  previous  kinetic  results. 
The  observed  transport  is  macroscopic,  expanding  from  an  initial  width  of  =  3 
pm  to  over  400  pm  during  the  interface  exciton  lifetime.  We  find  instantaneous 
diffusivities  of  3600  cm^/s  initially,  to  50  cm^/s  asymptotically. 
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From  our  kinetics  measurements  and  numerical  modeling,  we  have 
concluded  that  the  H-band  PL  emission  energy  is  indicative  of  the 
heterointerfacial  bandbending.  At  high  carrier-densities  (early  times,  near  the 
center  of  the  laser  spot)  the  built-in  bandbending  is  reduced  due  to  the  screening 
of  the  built-in  heterointerfacial  electric-field  by  the  photoexcited  carriers.  At  low 
carrier-densities  (late  times,  or  at  the  edges  of  the  spatial  distribution)  the  built-in 
bandbending  asymptotically  approaches  static  equilibrium.  We  have  directly 
measured  the  time-  and  carrier-density-dependent  heterointerfacial 
bandbending.  This  time-dependent  bandbending  may  be  viewed  as  a  force 
which  is  calculated  from  the  spatial  gradient  of  the  H-band  PL  emission  energy. 
We  find  that  the  bandbending  force  decreases  monotonically  in  time,  and 
becomes  negligible  20  ns  after  the  laser  pulse,  indicating  the  return  to  static 
bandbending  uniformly  along  the  interface. 

The  time-dependent  bandbending  of  the  conduction  and  valence  bands 
near  the  heterointerface  is  a  direct  consequence  of  the  time-dependences  of  the 
photoexcited  carrier  densities,  and  the  density-dependent  screening  of  the 
heterointerface  field.  In  our  transport  measurements,  initial  photoexcitation 
creates  a  spatially  nonuniform,  Gaussian  spatial  distribution  of  carriers,  which 
concomitantly  induces  a  spatially  nonuniform  bandbending  in  the  plane  of  the 
heterointerface,  and  thus  a  force  which  is  only  indirectly  electrostatic  in  origin. 
We  have  modeled  this  bandbending  force  in  terms  of  the  electrostatics  of  a 
spatially  nonuniform  distribution  of  aligned  dipoles,  (the  hole  component  of  the 
exciton  is  always  localized  closest  to  the  heterointerface),  a  classical 
approximation  to  the  highly-polarized  interface  excitons.  We  solve  the  diffusion 
equation  (in  cylindrical  symmetry)  using  this  force  as  a  driving  term.  Here,  the 
effects  of  Coulomb  screening  are  included  using  a  simple  Thomas-Fermi 
screening  model.  The  Coulomb  screening  causes  the  maximum  force  to 
decrease  with  density  at  high  densities,  and  simulates  the  reduction  in 
bandbending  force  at  high  densities  (F  ~  n  exp(-na))  when  "flat-band" 
conditions  are  realized,  thereby  limiting  the  maximum  force  for  increasing 
densities.  We  find  that  the  long-time  transport  is  dominated  by  diffusive  motion 
with  D  =  50  cm2/s,  and  the  initial  transport  is  driven  by  the  bandbending  force 
with  jO.  =  20,000,000  cm-A^s  and  screening  length  of  0.3  pm.  Also,  assuming  a 
peak  exciton  sheet  density  no  =  10^  ^  cm-2,  and  characteristic  width  Aq  =  30  pm, 
we  deduce  that  F^ax  ~  2000  meV/pm,  in  excellent  agreement  with  our  data. 

Thus,  we  have  measured  and  quantified,  for  the  first  time  as  far  as  we  are 
aware,  the  time-  and  carrier-density-dependent  bandbending  at  GaAs/AlxGai. 
xAs  heterointerfaces,  and  have  observed  its  direct  influence  upon  the  interface 
exciton  lateral  transport.  We  find  the  diffusive  mobility  of  316,000  cm^/Vs  in 
good  agreement  with  the  currently  standing  record,  low-temperature  hole- 
mobility  of  -300,000  cm2/Vs  obtained  in  p-type  modulation-doped  MBE- 
structures,  where  the  similarity  between  exciton  and  modulation-doped  hole 
transport  is  due  to  the  similarity  in  mass  and  the  reduction  in  sensitivity  to 
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charged-center  scattering.  Recognizing  that  these  interface  excitons  are 
necessarily  confined  to  intimate  contact  with  the  heterointerface,  our  observed 
transport  should  also  be  especially  sensitive  to  interface-roughness  scattering. 
This  may  suggest  that  interface  scattering  and/or  ionized  impurity  scattering  of 
our  photoexcited  interface  excitons  is  negligible  in  our  OMVPE-structures;  an 
observation  also  supported  by  our  other  optical  studies  of  these  samples. 

2.4  Free-Exciton  Recombination  in  Bulk  GoAs. 

We  have  studied  free-exciton  recombination  kinetics  in  the  prototypical 
direct-gap  semiconductor,  GaAs.  In  our  work,  we  extend  the  lifetime 
measurements  to  higher  temperatures  but  focus  on  the  low  temperature 
phenomena.  We  have  compared  our  data  with  a  kinetic  theory  of  interacting 
electrons,  holes,  excitons,  dopants,  and  traps.  We  find  that  the  exciton  lifetime  is 
very  strongly  determined  by  the  creation  rate  for  excitons.  In  fact,  the  data  can 
be  explained  by  the  temperature  dependence  of  the  creation  and  destruction 
kinetics  alone.  Thus,  we  simply  assume  a  temperature-independent  radiative 
lifetime,  and  explain  the  entire  temperature  dependence  of  the  data  in  terms  of 
the  temperature  dependence  obtained  from  the  kinetics.  This  modeling  was 
accomplished  by  simultaneous  solutions  of  the  nonlinear  rate  equations 
governing  the  kinetics.  We  have  found  that  our  model  requires  the  introduction 
of  excitonic  localization  into  shallow  traps.  Such  localization  improves  the 
agreement  between  theory  and  experiment,  especially  at  low  temperatures. 
Thus,  the  temperature-dependent  data  has  forced  us  to  interpret  "free"  exciton 
decay  as  decay  of  weakly  bound  excitons.  This  mechanism  is  also  suggested 
by  examination  of  the  defect  lines  observed  in  our  resonant  spectra.  We  also 
rule  out  the  polariton  mechanism  as  a  candidate  for  governing  the  observed 
kinetics  due  to  our  thickness  dependence  studies  which  slow  little  variation  in 
radiative  lifetime  for  a  wide  range  of  sample  thicknesses. 

2.5  Photoexcited  Carrier  Transport  in  Ordered  In^Gai-xP- 

We  have  studied  the  time-  and  space-resolved  Photoluminescence  (PL) 
from  optically  excited  free-carriers  and/or  free-excitons  in  highly-ordered 
InxGai.xP  alloys  grown  on  grooved-substrates.  Chen  and  Stringfellowl  have 
shown  the  highest  degree  of  ordering  in  such  structures  -  with  the  largest 
domains  typically  several  pm  square  by  the  entire  length  of  the  groove  (cm). 
The  PL  from  such  structures  has  a  spectral  width  of  48  meV,  centered  at  1.914 
eV.  Time-resolved  spectra  reveal  that  this  emission  actually  redshifts  with  time. 
Corresponding  PL  time-decay  kinetics  show  fast,  exponential  decay  kinetics  (x 
=  1  ns)  on  the  high-energy  side,  whereas  at  lower  energies  the  decays  are 
nonexponential  and  much  longer  (x  >  1  ps),  possibly  indicative  of  spectral 
migration.  We  have  measured  the  transport  properties  of  such  photoexcited 
carriers,  and  find  that  these  carriers  indeed  move  spatially.  These  results 
demonstrate  the  spatial  and  spectral  migration  of  free-carriers  in  ordered 


8 


InxGai-xP  alloys.  In  the  futu*"!  we  hope  to  be  able  to  distinguish  between 
carrier  transport  in  ordered  versus  disordered  domains. 

1.  G.S.  Chen  and  G.B.  Stringfellow,  Appl.  Phys.  Lett.  59,  324  (1991). 


3.  Conclusions  and  Summary. 

Our  goal  in  this  study  has  been  to  further  our  understanding  of  dephasing 
processes  in  a  variety  of  model  semiconductor  systems.  In  particular,  here,  we 
have  examined  the  transport  properties  of  photoexcited  carriers.  We  find  the 
transport,  in  all  cases,  to  be  diffusive  under  certain  conditions  (i.e.  low  pump- 
power,  long-times,  or  low-temperatures).  Under  these  conditions,  we  may  then 
use  the  Einstein  relation  to  calculate  mobilities  from  our  measured  diffusivities. 
The  mobility  is  proportional  to  the  scattering  time,  and  inversely  proportional  to 
the  mass.  This  scattering  is  a  possible  source  of  dephasing.  For  example,  the 
scattering  time  for  free-excitons  in  bulk  GaAs,  which  were  found  to  have  a 
peak  diffusivity  of  1000  cm^/s  at  1.8  K,  is  ~  200  ps.  In  comparison,  time- 
resolved  dephasing  measurements  have  determined  the  exciton  dephasing  time 
in  bulk  GaAs  to  be  7  ps.  It  therefore  appears  that  our  scattering  is  not  the 
dominant  dephasing  mechanism  in  this  system.  Similarly,  for  cross-interface 
excitonic  transport  in  type-II  systems',  the  scattering  time  corresponding  to  our 
maximum  diffusivity  of  7  cm^^  at  30  K  is  ~  100  fs.  In  this  case  our  results  are 
indicative  of  the  transport  of  these  excitons  along  the  heterointerface,  and  the 
scattering  time  is  possibly  indicative  of  heterointerfacial  induced  scattering. 

We  have  made  much  progress  towards  our  goal  of  further  understanding 
dephasing  processes  in  III-V  semiconductor  structures.  However,  there  is 
clearly  more  which  may  be  done,  both  experimentally  and  theoretically, 
Experimentally,  this  includes;  (1)  Additional  measurements  of  cross-interface 
exciton  transport  in  type-II  samples  with  different  well  and  barrier  layer 
thicknesses  should  be  done  to  empirically  clarify  the  role  of  heterointerfacial 
scattering.  (2)  Direct  dephasing  time  measurements  in  type-II  structures  may 
be  compared  to  our  scattering  times  derived  from  transport  measurements.  (3) 
The  emission  wavelength  dependence  of  observed  transport  in  type-II 
structures  may  show  the  existence  of  a  mobility  edge.  (4)  Transport 
measurements  of  the  direct-gap  electron-hole  plasma  in  type-II  structures  will 
clarify  the  importance  of  this  recombination  pathway  upon  the  formation  and 
decay  dynamics  of  the  cross-interface  excitons.  (5)  Transport  and 
recombination  kinetics  measurements  of  quasi-2D  excitons,  which  give  rise  to 
H-band  emission,  versus  pressure  will  elucidate  the  effects  band- structure 
changes  have  on  these  excitons.  (6)  Resonantly  excited  transport  and 
recombination  kinetics  measurements  of  free-excitons  in  bulk  GaAs  structures 
may  further  support  our  hypothesis  regarding  weak  localization  of  these 
excitons.  (7)  Examine  the  transport  and  time-resolved  PL  properties  of  highly- 
excited  type-II  structures  for  possible  electron-hole  liquid  formation.  (8)  Lastly, 
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we  intend  to  measure  photoexcited-carrier  transport  in  additional  ordered-alloys 
in  an  effort  to  understand  the  optical  and  electrical  properties  of  these  structures 
(i.e.  the  effect  of  a  periodic  potential  as  opposed  to  a  random  one  on  the 
scattering  and  dephasing  oi  carriers).  Theoretically,  this  additional  work 
includes;  (1)  More  detailed  modeling  of  transport  in  type-II  structures  will  assist 
in  our  understanding  of  heterointerfacial  localization  and  scattering.  (2) 
Theoretical  analysis  of  our  transport  in  all  systems  and  how  the  derived 
scattering  times  relate  to  dephasing  times  (i.e.  in  type-II  systems  this  may  be 
compared  to  thermally-activated  hopping  transport).  (3)  Modeling  of  the 
dynamics  of  direct  electron-hole  plasma  formation  and  decay  in  type-11 
structures  may  elucidate  the  complex  dynamics  of  cross-interface  excitons  and 
T-X  scattering  in  these  structures.  (4)  Further  modeling  of  screening  will 
enhance  our  understanding  that  this  has  on  the  band-structure  of 
heterostructures.  (5)  We  intend  to  finish  our  rate-equation  modeling  of  free- 
exciton  recombination  kinetics.  (6)  Modeling  of  dispersive  transport  in  ordered- 
alloys.  All  of  this  will  be  undertaken  in  the  future. 
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Abstract 

We  have  directly  measured  the  transport  of  heavy-hole  excitons  in  a  type-II 
GaAs/AlAs  superlattice.  We  find  these  excitons  to  be  highly  localized  at  low- 
temperatures,  and  more  mobile  by  more  than  3  orders-of-magnitude  with  increasing 
temperature.  Our  results  constitute  the  first  direct  confirmation  of  exciton  localization 
in  type-II  structures  and  theraial  activation  to  more  mobile  states.  We  have  also 
developed  a  quantitative  model  to  explain  our  transport  and  kinetics  results,  and  have 
obtained  the  nonradiative  interfacial  defect  density. 


Band-Structure  engineering  of  semiconductor  materials  may  drastically  change 
the  optical  and  electronic  properties  from  those  normally  observed  in  the  bulk 
depending  on  whether  electrons  and  holes  are  confined  in  the  same  layer  (type-I 
superlattices  and  quantum-wells)  or  in  different  layers  (type-II  superlattices).  For 

4. 

type-II  superlattices,  these  structure-induced  changes  may  enhance  certain 
processes,  including:  intersubband  scattering,  real-space  transfer,  spatially-indirect 
recombination,  excitonic  localization,  and  carrier-scattering  at  potential  fluctuations 
caused  by  interfacial  disorder.5*14  Xn  spite  of  these  studies,  a  quantitative 
understanding  of  exciton  kinetics  in  type-II  structures  is  still  lacking.  Additionally, 
characterization  of  excitonic  transport  properties  has  been  problematical  due  to  their 
electrical  neutrality  which  precludes  the  use  of  conventional  electrical  transport 
techniques. 

GaAs/AlxGaj.xAs  short-period  superlattices  may  be  made  type-II  through 
judicious  choice  of  both  GaAs  and  AlxGai.xAs  layer  thicknesses  (as  well  as 
AlxGai.xAs  composition),  or  through  the  application  of  hydrostatic  pressure.3.13. 
For  the  (GaAs)ni/(AlAs)n  system,  type-II  band-alignment  results  for  GaAs-layer 
thicknesses  <  35  A  (m<13)  and  AlAs-layer  thicknesses  >  15  A  (n>6).3.5  In  such 
structures,  it  is  generally  agreed  that  the  hole  ground-state  is  in  the  GaAs-layer  (at 
the  F-point),  whereas,  in  contrast,  there  has  been  considerable  controversy 
concerning  the  nature  of  the  electronic  ground-state.6-12  of  the  difficulty  has 

arisen  due  to  the  three-fold  degeneracy  of  X-electron  states  in  the  AlAs  layers, 
which  may  be  lifted  by  several  processes,  such  as:  strain-induced  splitting  of  Xz  and 
Xx,Y  [ine(Xz)=l.lmo  and  me(Xx,Y)=0'19mo],  F-X  mixing  due  to  the  superlattice 
potential,  and  interface  disorder  or  roughness  induced  potential  fluctuations.^"!-’!^ 
Also,  the  recombination  mechanism  is  not  well-understood  since  the  transition  is 
doubly-indirect  (real-space  and  momentum-space)  and  the  relative  importance  of 
each  of  the  above  mechanisms  remains  unresolved.  Nevertheless,  there  is  some 


consensus  regarding  one  hypothesis;  namely,  the  universally  observed  rapid 
decrease  in  photoluminescence  (PL)  lifetime  with  increasing  temperature  results 
from  thermal  activation  from  localized  slates.  However,  this  has  never  been  shown 
experimentally. 

In  this  letter  we  report,  t.  our  knowledge,  the  first  direct  experimental 
determination  of  excitonic  transport  in  type-II  superlatdces,  specifically,  GaAs/AlAs 
short-period  superlattices.  Additionally,  we  have  quantitatively  modeled  the 
temperature  dependence  of  both  the  exciton  kinetics  and  transport.  We  demonstrate 
directly  that  the  transport  is  governed  by  the  thermal  activation  from  localized  states 
to  highly-mobile  states.  Furthenr.ore,  we  quantify  the  heterointerfacial  disorder  that 
is  most  probably  responsible  for  the  observed  excitonic  localization  as  well  as  the 
interfacial  nonradiative  defect  density. 

In  order  to  measure  excitonic  transport  we  have  resorted  to  an  all-optical 
analog  of  the  classic  Haynes-Shockley  experiment,!^  whereby,  excitonic  PL  is 
spatially  and  temporally  resolved.! There  are  several  varieties  of  this  basic 
technique,  and  ours  relies  on  confocal  laser  excitation  and  imaging  of  the 
photoexcited  excitons.  PL  was  excited  by  a  synchronously  pumped  cavity-dumped 
dye  laser  (1  ps  pulsewidth)  pumped  by  a  frequency-doubled  cw  mode-locked 
Nd^+iYAG  laser.  Time-resolution  is  achieved  using  time-correlated  single  photon 
counting.  With  this  experimental  arrangement,  near  diffraction-limited  laser  spot 
sizes  (-  3  jim)  are  achievable,  with  a  temporal  and  spectral  resolution  of  ~  50  ps  and 
-  0.1  meV,  respectively. 

The  sample  used  in  this  study  was  a  MBE-prepared  (GaAs)ii/(AlAs)i9 
superlattice  with  55  periods.  GaAs  layers  are  30  A  thick  and  the  AlAs  layers  are  50 
A  thick.  Most  studies6-9  have  concluded  that  the  lowest  electronic  bound  state  is  Xz 
for  thin  structures,  whereas  for  superlattices  with  AlAs  barriers  >  60  A  thick  the 
lowest  state  is  Xx,y-  Jaros,  et  al.!^  have  found  that  Xz  is  the  ground  state 


regardless  of  the  structure.  Thus,  the  prevailing  view  is  that  Xz  is  the  electronic 
ground-state  of  our  structure. 

Figure  1  shows  the  cw  PL  spectra  versus  temperature  from  2  to  30  K.  The 
Xz-F  no-phonon  line  is  clearly  evident  and  the  lower-energy  phonon  replicas  are 
much  weaker.  These  cw  spectre,  show  the  remarkable  temperature  invariant  PL 
lineshape  of  the  Xz-F  no-phonon  line  -  with  no  shift  in  peak  emission  energy,  very 
little  broadening  of  the  PL  line,  and  a  small  decrease  in  emission  intensity.  With 
pulsed  excitation  (at  a  repetition  rate  slower  than  the  longest  decay  time)  we  find 
that  the  PL  intensity  decreases  drastically  -  by  more  than  3  orders-of-magnitude  - 
while  the  lineshape  again  remains  invariant.  The  linewidth  of  the  Xz-F  no-phonon 
line  is  ~  5.5  meV  at  1.8  K  and  only  increases  to  -  5.8  meV  at  30  K,  whereas  kT  at  30 
Kis  2.6  meV. 

Figure  2  shows  PL  time-decays  versus  temperature  for  the  Xz-F  no-phonon 
line.  At  low  temperatures  the  decays  are  nonexponential  and  very  slow,  whereas, 
for  increasing  temperature  the  decays  become  exponential  (over  3  decades)  and 
much  faster.  These  decays  may  be  quantified  by  their  lifetimes  deduced  from  the 
long-time  exponential  tail  of  the  decays  -  yielding  lifetimes  ranging  from  -  21  ps  at 
1.8  K  to  -  15  ns  at  30  K. 

Using  oui  time-resolved  confocal  PL-imaging  technique,  we  have  obtained  the 
time-dependent  spatial  profile  of  the  radiating  carriers.  We  observe  a  clear  and 
systematic  expansion  of  the  luminescence  from  the  initial  laser  spot-size  of  -  5  pm  to 
over  30  pm  at  high-temperatures.  We  find,  imder  our  excitation  conditions  (photon 
flux  of  <  10^2  cm-2),  that  the  transport  is  diffusive,  with  diffusion  coefficients  versus 
temperature  shown  in  Fig.  3.  There  is  more  than  a  3  order-of-magnitude  increase  of 
diffusion  constant,  D,  with  temperature  -  from  -  2x10-3  cm^/s  at  1.8  K  to  -  7  cm^/s 
at  30  K.  An  Arrhenius  plot  of  the  diffusion  constant  yields  an  activation  energy  of  - 


Based  upon  PL  kinetics  alone,  most  reports'^’^*!!  have  concluded  that  the 
temperature  dependence  arises  from  the  thermally  activated  detrapping  of  excitons 
from  localized  states  to  mobile  states.  However,  this  hypothesis  has  never  been 
proven  since  the  spatial  transport  of  these  cross-interface  excitons  has  never  been 
measured.  Our  results  demonstrate  the  temperature-dependent  transport  of  these 
cross-interface  excitons,  which  is  crucial  to  the  localization  model  previously 
hypothesized.  Furthermore,  the  observed  temperature-independent  PL  lineshapes 
suggest  that  the  type-II  radiative  recombination  only  occurs  from  localized  states, 
otherwise,  the  recombination  of  excitons  in  the  higher-energy  mobile  states  would 
yield  a  distinct  high-energy  tail  in  the  PL  spectra.  Since  spatially  separated  electrons 
and  holes  are  in  intimate  contact  with  the  heterointerface  due  to  their  mutual 
Coulomb  attraction,  their  optical  and  electronic  properties  should  Jbe  very  sensitive  to 
any  possible  heterointerfacial  disorder.  Thus,  we  conclude  that  the  localization  most 
probably  results  from  heterointerfacial  disorder,  and  that  this  is  vital  to  the 
recombination  mechanism.  The  PL  spectrum  (lineshape)  is  indicative  of  the 
distribution  of  localized  states.  Also,  our  results  suggest  that  the  mobile  states  are  - 
6.8  ±1.5  meV  higher  in  energy  than  the  distribution  of  localized  states. 

The  temperature-dependent  transport  probably  results  from  the  temperature- 
dependent  excitonic  occupation  of  mobile  versus  stationary  localized  states,  rather 
than  from  a  temperature-dependence  of  the  diffusivity  of  mobile  excitons  alone.  We 
may  thus  extend  the  previously  proposed  model  as  follows;  (1)  at  low-temperatures 
(kT  «  AE)  all  excitons  are  localized  and  recombine  radiatively  with  the  PL 
indicative  of  this  localized  state  distribution,  (2)  as  temperature  is  increased  (kT  - 
AE)  excitons  may  be  thermally-detrapped  yielding  a  significant,  lemperature- 
dependent  population  in  the  mobile  states  (3)  these  mobile  excitons  may  then 
spatially  diffuse,  without  radiating  from  these  states,  (4)  as  these  mobile  excitons 
diffuse  they  may  become  trapped  at  a  nonradiative  defect,  and  (5)  the  mobile 
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excitons  may  spatially  diffuse,  become  relocalized  in  the  lower-energy  sites,  and 
subsequently  recombine.  This  model  explains  all  the  experimental  observations. 

Based  on  the  premises  above  and  using  as  a  starting  point  the  theory  by 
Chandrasekhar,20  which  treated  the  theory  of  coagulation  in  coUoids,  we  developed  a 
quantitative  model  to  compare  w^di  our  experimental  results.  Here,  we  divide  the 
photoexcited  2D  excitonic  population  into  two  categories,  localized  ni  and  mobile  nm 
(N=ni  +  nxn),  where  the  relative  populations  are  related  by  a  Arrhenius  term,  exp(- 
AEa/kT).  The  mobile  population  is  free  to  diffuse,  and  possibly  become  trapped  at  a 
perfectly  absorbing  nonradiative  defect.  PL  decay  kinetics  and  efficiencies  are 
affected  by  this  trapping  and  concomitant  nonradiative  decay  of  these  mobile 
excitons.  We  have  solved  the  diffusion  equation  for  the  mobile  excitons  in  2D  using 
the  Wigner-Seitz  method2l.22  with  the  following  boundary  conditions:  njn=Co  at  t=0. 
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and  njn=0  at  r=ri,  —^  =  0  at  r=r2  for  t  >  0,  where  ri  is  the  radius  of  the  perfectly 

or 

absorbing  defect  and  2r2  is  the  mean  separation  between  defects.  This  yields  the 
time-dependent  density  of  mobile  excitons 


=  ^  X  {Yi(a„r2)Ji(a„ri)-Ji{a„r2)Y,(a„ri)} 
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xU(a„r)e' 
where  U(anr)  is  defined  as 

UKf)  =  {Yi(c(„r2)Jo(a„r)-J,(a„rj)Y„(a„r)}, 
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and  an  are  the  zeros  of  U(anr),  Here,  Jj  and  Yj  (i=0,l)  are  the  Bessel  and  Modified 
Bessel  functions  of  order  i.  Using  Klein,  Sturge,  and  Cohen  (KSC)  theory23  for 
radiative  decay  in  an  aUoy  (distribution  of  radiative  rates),  which  approximates  the 
heterointerface  disorder  induced  randomness  in  this  type-II  excitonic  system,  the  PL 
decay  kinetics  may  be  modeled  as 
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and  Wf  and  Wm-  are  the  radiative  a  id  nonradiative  rates,  respectively. 

We  have  derived  a  microscopic  model  for  nonradiative  decay  in  type-II 
superlattices,  thus  extending  the  KSC  theory  to  specifically  model  this  process. 
Figure  4  shows  results  of  our  model  calculation  compared  with  our  experimental 
measurements,  using  only  ri  and  T2  as  adjustable  parameters.  We  find  good 
agreement  between  experiment  and  theory  for  ri=  115  A  and  r2=2.9  |im.  This 
implies  a  nonradiative  defect  sheet  density  of  -  1.2x107  cm*^.  We  have  assumed 
that  ri  is  equal  to  the  2D  exciton  Bohr  radius.24  This  nonradiative  defect  density  is 
also  consistent  with  the  temperature-independent  diffusion  lengths  of  ~  3  jim  derived 
from  our  transport-and  kinetic  measurements.  This  relatively  small  density  of 
nonradiative  defects  is  consistent  with  possible  heterointerfacial  oxygen  incorporation 
and/or  interfacial  dislocations,25  but  this  is  only  speculation. 

This  model  combines  our  measured  temperarnre-dependent  diffusion  with 
trapping  at  defects  resulting  in  temperature-dependent  PL  decay-kinetics.  The 
model  more  accurately  agrees  with  our  data  at  high  temperatures,  and  this  may  be 
due  to  other  nonradiative  decay  mechanisms  (i.e.,  nonradiative  decay  from  localized 
states)  becoming  as  important  at  low  temperatures  as  the  nonradiative  trap 
mechanism  described  here.  Eq.  (3)  clearly  gives  nonexponential  decays  at  low- 
temperatures  (when  D  and  Wnr  are  small),  due  to  the  heterointerfacial  disorder 
induced  randomness  in  the  cross-interface  excitonic  wavefunctions,  and  exponential 
decays  at  higher  temperatures  (when  D  and  Wm-  are  large). 

Our  temperature-dependent  transport  alludes  to  a  higher-lying  energy  level  in 
which  cross-interface  excitons  are  highly  mobile,  and  a  distribution  of  localized  states 


governing  the  PL  lineshape.  One  possible  explanation  for  such  an  electronic  energy- 
level  system  might  be  due  to  the  nondegenerate  Xz  and  Xx.y  states.  Excitons  in  the 
lower  energy  Xz  state,  with  momentum  perpendicular  to  the  layer,  may  be  localized, 
whereas  excitons  in  the  Xx,y  states,  with  momentum  parallel  to  the  layer  and  in  the 
plane  of  observation,  may  lie  -  7  meV  higher  in  energy  and  be  highly  mobile.  We 
also  recognize  that  our  experiments  actually  excite  excitons  at  all  interfaces,  and  thus 
our  diffusion  constants,  nonradiative  trap  densities,  etc.,  are  indicative  of  an  average 
over  all  interfaces. 

In  summary  we  report  here  a  direct  observation  of  the,  heretofore  only 
postulated,  temperature-dependent,  spatial  localization  of  cross-interface  excitons  in 
type-n  superlattices.  We  have  also  developed  a  quantitative  model  relating  the 
excitonic  decay  kinetics  to  their  transport.  Our  model  accurately  predicts  the 
observed  PL  decay  kinetics  using  the  measured  diffusivities.  From  this  model  we 
may  charactenze  the  heterointerface  quality  in  tenns  of  the  density  of  nonradiative 
traps,  which  for  this  sample  is  about  1.2xlO”7  cm-2. 
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FIGURE  CAPTIONS 

Fig.  1.  PL  spectra  versus  temperature  after  cw  excitation  at  4579  A.  All  spectra 
are  normalized.  Inset  shows  Xz-F  no-phonon  transition. 

Fig.  2.  Xz-F  PL  decay  kinetics  versus  temperature  after  pulsed  excitation  at  6000  A. 

Fig.  3.  Temperature  dependent^  of  diffiisivity  and  lifetimes  derived  from  our 
transport  and  PL  decay  kinetics  measurements. 

Fig.  4.  Comparison  of  model  calculation  of  nonradiative  decay  rates  as  a  function  of 
diffusivity  versus  experimentally  determined  values.  The  best  fit  is  obtained  for 
rz/ri  «  250. 
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^  Abstract 

We  have  used  an  all-optical  Photoluminescence-imaging  technique  to  measure 
excitonic  transport  in  three  types  of  GaAs  structures  in  which  the  excitonic 
^  transitions  vary  from  allowed  direct-gap  excitons  to  forbidden,  doubly-indirect  Type- 
II  excitons.  We  find  remarkable  differences  in  the  transport  properties  of  these 
excitons.  Our  studies  show  that  bulk  free-exciton  transport  exhibits  an  anomalous 
^  laser  power-dependent  diffusivity,  whereas  quasi-2D  interfacial  excitons  and  Type-II 
cross-interface  excitons  do  not.  Additionally,  we  observe  localization  of  cross¬ 
interface  excitons  at  the  potential  disorder  induced  by  the  heterointerface  roughness. 


PACS  Numbers:  78.47 .+p,  78.65.Fa,  and  72.80.Ey 


I.  Introduction. 

In  recent  years  excitonic  properties  have  received  increased  attention  due  to 
their  possible  use  in  nonlinear  optoelectronic  devices.  1»2  Some  of  these  devices  rely 
upon  the  transport  or  scattering  of  cxcitonic  species;  however,  the  electrical 
neutrality  of  excitons  precludes  the  use  of  conventional  electrical  transport 
techniques  for  characterization  of  some  of  these  transport  and/or  scattering 
processes.  This  problem  has  been  circumvented  through  the  use  of  all-optical 
imaging  of  the  excitonic  Photoluminescence  (PL)  to  derive  difiusivities.3-6  There  are 
many  variations  on  this  general  technique,  all  of  which  rely  upon  the  diffusion  of 
carriers  in  either  their  own  concentration  gradient  or  an  externally  applied  potential 
gradient.  Perhaps  the  most  notable  example  is  the  demonstration  of  phonon-wind 
driven  transport  of  the  electron-hole  droplets  in  both  Silicon  and  Germanium.^ 
Additionally,  they  have  recently  proven  useful  in  measuring  lateral  free-carrier 
transport  in  bulk  GaAs  structures, 6- 8  free-exciton  transport  in  GaAs  quantum- 
wells,5.9  excitonic  transport  in  Cu20,'^  and  electron-hole  plasma  transport  in  GaAs 
structures,  10  to  mention  only  a  few. 

In  this  paper  we  intend  to  outline  the  results  of  our  studies  of  excitonic 
transport  in  three  model  systems,  highlighting  the  differences  in  the  physical 
processes  influencing  the  observed  transport.  Our  three  model  systems  include:  (1) 
free-excitons  in  bulk  GaAs  structures,^  (2)  quasi-2D  excitons  in  Al^Gaj.xAs/GaAs 
double  heterostructures,!  1 '12  and  (3)  cross -interface  excitons  in  Type-II  GaAs/AlAs 
short-period  superlattices.  13. 14  The  differences  between  these  systems  are  related, 
first,  to  the  nature  of  the  exciton  (direct  in  both  real-  and  momentum-space,  indirect 
in  real-space  and  direct  in  momentum-space,  and  indirect  in  both  real-  and 
momentum-space,  respectively)  and,  secondly,  to  their  sensitivity  to  the 
heterointerface  potential  and  possible  scattering  there. 

II.  Experiment  and  Samples. 


We  have  used  an  all>optical  PL-imaging  technique  analogous  to  the  classical 
Haynes-Shockley  experiment  15  to  measure  excitonic  transport  in  these  model 
systems-  Our  technique^.S  relies  on  the  confocal  laser  excitation  and  imaging  of  the 
photoexcited  carriers.  PL  was  excited  by  a  synchronously  pumped  cavity-dumped 
dye  laser  pumped  by  a  frequency-doubled  cw  mode-locked  Nd^+.-YAG  laser.  Laser 
pulse  widths  are  -1  ps  with  a  variable  repetition  rate  up  to  76  MHz.  Time-resolution 
is  achieved  using  time-correlated  single  photon  counting,  and  a  spectrometer 
disperses  the  PL  to  obtain  spectral  resolution.  With  careful  alignment,  this 
experimental  arrangement  yields  near  diffracdon-limited  laser  spot  sizes  (~  3  pm),  a 
temporal  resolution  of  -  50  ps,  and  a  spectral  resolution  of  <  0.1  meV. 

Our  samples  were  prepared  by  both  organometallic-vapor-phase-epitaxy 
(OMVPE)  and  molecular-beam-epitaxy  (MBE).  Our  OMVPE  samples  are  simple 
GaAs/Alo.sGao.vAs  double  heterostructures  with  GaAs  layer  thicknesses  from  50 
A  to  10  pm.  Unintentional  doping  yields  a  p-n-p  structure  with  a  background  GaAs 
doping  of  -  1015  cm-3.  Our  MBE  sample  is  a  (GaAs)ii/(AlAs)i9  superlattice  with 
55  periods.  GaAs  layers  are  30  A  thick  whereas  AlAs  layers  are  50  A  thick. 

HI.  Results. 

A.  Bulk  Free-Exciton  Transport. 

We  have  observed  prominent  free-exciton  emission  in  the  low-temperature  PL 
spectra  of  our  bulk  OMVPE  structures,  and  have  fully  characterized  the  excitonic 
recombination  kinetics  previously.  1^  Typical  results  are  shown  in  Figure  1.  Our 
results  confirm  the  relatively  high-purity  and  "surface-free"  quality  of  these  samples. 
We  have  measured  spatially-  and  temporally-resolved  free-exciton  PL  distributions 
for  our  OMVPE  samples  at  1.8  K.  Fits  to  these  spatial  PL  distributions  with  gaussian 
lineshapes  allows  a  quantification  of  the  characteristic  width  of  the  PL  distribution 
and  hence  possible  transport.  The  temporal  dependence  of  the  fiill-width-at-half- 
maximum  (FWHM)  squared  is  shown  in  Fig.  2.  We  find  that  at  low-temperatures  (< 
50  K),  where  excitonic  effects  become  important,  the  transport  is  laser  power- 


de[>endent  with  PL  distributions  which  are  still  gaussian.1^  This  power-dependence 
is  not  observed  at  higher  temperatures.  Diffusion  constants  may  be  derived  from  the 
slopes  of  such  curves,  yielding  -  1  cmVs  to  1300  cmVs  at  1.8  K,  for  the  sample 
shown.  Additionally,  we  find  that  peak  diffusivities  are  sample  dependent  Figure  3 
shows  a  summary  of  our  measured  diffusivities  versus  temperature  and  versus  laser 
power  for  2  samples. 

These  results  may  be  understood  only  through  a  detailed  study  of  free-exciton 
recombination  kinetics.  We  find  free-carriers  play  a  very  important  role  in  the 
recombination  of  free-excitons.l^  and  may  even  totally  dominate  the  observed 
kinetics,  depending  upon  sample  purity,  temperature,  excitation  density,  and 
excitation  wavelength.  Excitons  thermally  couple  to  free-carriers  even  at  1.8  K, 
though  weakly,  and  this  coupling  leads  to  a  temperature-dependent  joint  transport  of 
both  species  of  carrier.  Thus,  even  though  spectrally  resolving  the  free-exciton  PL 
only,  our  observations  reflect  the  joint  transport  of  both  free-excitons  and  free- 
carriers. 

B.  Quasi-2D  Exciton  Transport. 

Several  years  ago,  a  new  PL  emission  was  observed  by  Yuan  et  al.l^  in 
GaAs/Al^Gai.^As  heterostructures,  and  labeled  by  them  as  the  H-band.  We  have 
observed  a  similar  emission  in  the  low-temperature  PL  spectra  of  our  OMVPE 
double-heterostructures,  18  shown  in  Fig.  1,  and  conducted  experiments  parallel  to 
those  of  Yuan  et  al.l^  to  verify  H-band  emission  in  our  stmctures.  Time-resolved  PL 
studies  together  with  detailed  numerical  modeling  of  the  observed  H-band 
recombination  kinetics,  in  our  structures,  suggest  that  the  Coulomb  interaction 
between  electrons  and  holes  is  very  important  to  a  full  understanding  of  the 
observations.  Thus,  we  conclude  that  H-band  emission,  in  our  structures,  arises  from 
the  radiative  recombination  of  quasi-2D  excitons,  with  the  hole  component  of  the 
exciton  quantum-mechamcally  bound  to  the  heterointerface  in  the  potential  notch 
there. 
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Our  results  show  the  rich  nature  of  the  H-band  kinetics  (i.e.  time-dependent 
red-shifts,  lifetimes  -  50  ps,  and  a  structural  dependence  to  the  observed  kinetics). 
In  an  effort  to  further  our  understanding  of  H-band  kinetics,  we  have  used  the  PL- 
imaging  technique  described  above,  taking  advantage  of  the  spectral  resolution,  to 
characterize  quasi-2D  exciton  transport.  11*12  Discrimination  between  bulk,  3D  firee- 
exciton  transport  and  quasi-2D  exciton  transport  is  accomplished  tnrough  spectral 
windowing  of  the  H-band  PL  only,  denoted  by  vertical  lines  in  Fig.  1.  We  find  time- 
resolved  PL  spatial  distributions  with  clear,  macroscopic  expansion,  from  -  30  pm  to 
-  400  pm  in  just  250  ns.  Figure  4  shows  the  characteristic  width  of  the  PL 
distributions  versus  time.  The  nonlinear  behavior  is  indicative  of  non-diHiisive 
transport,  and  the  derived  instantaneous  diffusivities  decrease  monotonically  with 
time  from  3600  emVs  to  50  enfi/s. 

In  an  effort  to  understand  this  quasi-2D  exciton  transport,  we  have  made 
detailed  time-  and  space-resolved  measurements  of  the  PL  spectra  using  the  same 
PL-imaging  apparatus.  We  find  that  there  exists  a  nonuniform,  time-dependent 
bandbending  due  to  the  additional  photoexcited  carriers  which  may  locally  screen  the 
built-in  heterointerfacial  field.  We  find  the  peak  bandbending  force  is  1750  meV/cm, 
decreasing  monotonically  with  time,  going  essentially  zero  within  20  ns.  In  Fig.  4  it  is 
clear  that  most  of  the  nonlinear  expansion  occurs  within  the  first  50  ns.  So  a 
possible  explanation  for  this  transport  is  that  the  quasi-2D  excitons  are  initially  driven 
by  the  time-  and  carrier-density  dependent  heterointerfacial  bandbending.  In 
actuality,  the  quasi-2D  exciton  dynamics  are  much  more  complicated.  We  find  that 
there  is  a  continuous  evolution  of  this  quasi-2D  exciton  from  the  spherical,  bulk  3D 
free-exciton  discussed  in  the  previous  session  to  a  highly-polarized  quasi-2D  exciton, 
and  possibly  to  full  ionization  into  spatially  separated  2D  and  3D  carriers.  Lastly,  we 
conclude  that  the  asymptotic  diffusivity  of  50  cm2/s,  or  an  equivalent  mobility  of 
300,000  cm2/Vs  (using  the  Einstein  relation),  represents  the  true,  purely  diffusive 
motion  of  these  carriers. 


C.  Cross-Interface  Exciton  Transport. 

In  recent  years  the  optical  and  electronic  properties  of  GaAs/AlAs  short- 
period  superlattices  have  been  extensively  studied.  19  These  studies  have  shown  the 
doubly-indirect  nature  of  the  excitons  in  these  systems  (indirect  in  real-space  and 
momentum-space  -  electron  at  X  in  the  AlAs  layer  and  hole  at  F  in  the  GaAs  layer, 
and  thus  cross-interface).  In  particular,  time-resolved  studies  have  shown  that  the 
radiative  recombination  of  these  cross-interface  excitons  is  very  slow  and 
nonexponential  at  low  temperatures  (from  its  to  ms),  and  rapidly  becomes  faster  (ns) 
and  exponential  with  increasing  temperature.  The  conclusion  almost  universally 
reached  is  that  these  excitons  are  localized  at  low-temperatures  and  become 
thermally-detrapped  at  higher  temperatures.  This  conclusion  is  inferred  indirectly 
from  these  PL  time-decay  measurements,  and  has  never  been  proven  directly.  Here, 
we  show  directly  that  this  localization  does  indeed  exist,  and  we  have  quantified  the 
transport,  including  versus  temperature,  of  these  cross-interface  excitons.  13. 14 

Fig.  5  shows  the  cw  PL  spectra  for  our  MBE  short-period  superlattice  versus 
temperature.  Remarkably,  we  observe  no  discemable  change  in  the  X^-F  PL 
lineshape  versus  temperature  (with  pulsed  excitation  we  find  the  intensity  drops 
precipitiously  with  increasing  temperature),  and  a  PL  linewidth  of  ~  5.5  meV.  PL 
decay  kinetics  of  the  same  emission  yield  long,  nonexponential  decay  kinetics  at  low- 
temperatures  (21  |is  at  1.8  K)  and  a  monotonic  decrease  in  lifetime  (13  ns  at  30  K) 
with  a  concomitant  change  to  exponential  decays. 

We  have  measured  the  time-resolved  PL  spatial  distributions  of  the  X^-F  no¬ 
phonon  emission  at  low  laser-powers,  fit  each  distribution  with  a  gaussian,  and 
calculated  the  diffusion  constant  versus  temperature,  as  outlined  above.  We  find 
diffusive  transport  which  may  be  characterized  by  a  single  diffusion  constant,  shown 
in  Fig.  6.  These  results  clearly  and  unmistakably  demonstrate  the  heretofor  only 
hypothesized  localization  of  the  cross-interface  excitons  at  low-temperatures  and  the 
thermal-detrapping  which  occurs  at  higher  temperatures.  Diffusivities  derived  from 


these  measurements  range  from  <2x10*3  cm^/s  at  1.8  K  to  7.0  cm^/s  at  30  K,  a 
5x1 03  change  in  just  30  K.  We  believe  that  these  localized  states  most  probably 
result  from  the  potential  disorder  due  to  heterointerface  roughness  since  the  Coulomb 
attraction  between  electrons  and  holes  forces  them  to  be  in  intimate  contact  with  the 
heterointerface. 

IV.  Discussion. 

The  above  results  may  now  be  used  to  compare  and  contrast  the  transport 
properties  of  the  three  species  of  excitons  studied  here.  We  find  that  the  transport  of 
bulk  free-excitons  is  strongly  laser-power  dependent,  whereas  quasi-2D  excitons 
exhibit  a  weaker  power  dependence,  and  cross-interface  excitons  do  not  exhibit  any 
power  dependence  (at  powers  less  than  that  required  to  create  an  electron-hole 
plasma).  The  relative  binding  energies  and  coupling  to  free-caniers  are  responsible 
for  these  differences.  Bulk  free-excitons  (Eg  -  4.2  meV)  may  more  readily  couple 
and  be  influenced  by  free-carriers  than  either  quasi-2D  excitons  (Eg  ~  5  meV  and 
localized  near  the  heterointerfacesl^)  or  cross-interface  excitons  (Eg  -  8-9  meV^O). 
Quasi-2D  excitons  are  strongly  influenced  by  the  laser-induced  changes  in 
bandbending  which  occur  for  absorbed  photon  densities  comparable  to  the 
background  doping  and  may  eventually  evolve  into  spatially  separated  electrons  and 
holes. 

Each  of  these  three  systems  also  differ  in  their  sensitivity  to  heterointerfacial 
scattering.  We  find  that  bulk,  3D  free  excitons  are  relatively  insensitive  to  any 
potential  disorder  caused  by  interface  roughness  in  these  structures.  This  is  due  to 
the  high-quality  heterointerfaces  of  our  OMVPE  structures  as  well  as  the  fact  that 
these  excitons  are  not  confined  in  close  physical  contact  with  the  heterointerfaces. 
Quasi-2D  excitons  are  more  sensitive  to  the  heterointerface  potential  since  at  least 
one  component  of  the  exciton  (holes  in  our  samples)  is  confined  next  to  the 
heterointerface.  The  transport  is  sensitive  to  gradients  in  the  heterointerface  built-in 
field  along  the  heterointerface.  Cross-interface  excitons  in  Type-II  structures  are  the 
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most  strongly  influenced  by  the  electronic  structure  of  the  heterointerface.  The 
Coulomb  interaction  between  electrons  and  holes  restricts  both  species  to  be  in 
intimate  contact  with  the  interface.  Indeed,  we  have  demonstrated  the  spatial 
localization  of  these  excitons  and  conclude  that  this  localization  most  probably  results 
from  interface  disorder. 

V.  Conclusions. 

We  have  demonstrated  the  utility  of  our  all-optical  PL-imaging  technique  in 
characterizing  excitonic  transport.  Our  studies  of  three  model  systems  reveal  distinct 
differences  in  the  observed  excitonic  transport  which  are  reasonably  understood  on 
the  basis  of  known  differences  in  the  nature  of  the  excitonic  transition  (direct  versus 
indirect  in  both  real-  and  momentum-space)  and  the  proximity  of  each  excitonic 
species  to  the  heterointerface. 
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FIGURE  CAPTIONS 

Fig.  1.  1.8  K  PL  spectrum  for  our  0.3  pm  thick  OMVPE  GaAs/AlojOao  7AS  double 
heterostructure.  Arrows  denote  energies  at  which  PL-imaging  measurements 

f 

were  made.  ' 

Fig.  2.  A2  versus  time  at  1.8  K  for  various  laser  pump  powers  at  firee-exciton  peak 
emission  energy. 

Fig.  3.  Summary  of  diffusivities  versus  temperature  derived  from  PL-imaging 
experiments  for  two  OMVPE  double  heterostructures. 

Fig.  4.  A2  versus  time  at  1.8  K  obtained  by  spectrally  resolving  H-band  PL  only. 

Fig.  5.  1.8  K  cw  PL  spectra  of  MBE  Type-II  short-period  superlattice  versus 

temperature. 

Fig.  6.  Diffusion  constant  of  cross-interface  excitons  versus  temperature. 
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Abstract 

We  have  studied  free-carrier  recombination  and  transport  in  GaAs  structures 

•  prepared  by  different  epitaxial  growth  techniques  and  with  different  "surface- 
barriers"  -  all  aimed  at  eliminating  interfacial  recombination  -  including 
Molecular  Beam  Epitaxy  (MBE)  and  Organo  Metallic  Vapor  Phase  Epitaxy 
(OMVPE)  prepared  undoped,  symmetric  GaAs/Alo.sGao.vAs  double 
heterostructures  and  these  same  structures  after  etch-removing  the  top 

•  Alo.3Gao.7As  layer  and  repassivating  with  Na2S.  We  find  300  K  lifetimes  of  > 
2.5  (is  (350  ns),  and  interface  recombination  velocities  of  40  cm/s  (250  cm/s)  for 
our  OMVPE  (MBE)  structures.  Identical  measurements  for  Na2S  and  bare 
surfaces  yield  interface  recombination  velocities  of  5500  cm/s  and  34,000  cm/s, 

0  respectively.  Free-carrier  transport  in  both  types  of  structures  is  diffusive  with 

hole-mobilities  of  ~  350  cm^/Vs. 


PACS  numbers:  78.20.-e,  78.30.Fs,  78.47+p,  78.55.-m,  and  78.65.Fa. 
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Nonradiative  decay  at  surfaces  or  interfaces  may  drastically  reduce 
photoluminescence  (PL)  efficiencies  and  lifetimes  in  GaAs  structures,  1*5  and 
may  dominate  minority-carrier  kinetics,  thereby,  limiting  the  performance  of 
minority-carrier  GaAs  optoelectronic  devices  such  as  injection  lasers,  LEDs, 
photodetectors,  etc.. 3.5-8  Consequently,  there  has  been  substantial  interest  in 
passivation  of  the  notoriously  bad  GaAs  surface,3-10  with  a  wide  variety  of 
materials,3.7-l3  and  the  passivating  effects  of  these  materials  have  been 
characterized  by  many  different  experimental  techniques.3-13  However,  studies 
of  such  surface  passivants  quantified  by  many  of  these  techniques  are  not 
conclusive,  due,  in  part,  to  the  lack  of  a  "surface-free”  standard  for  comparison, 
lack  of  complete  characterization  of  complex  recombination  processes,  the 
inaccuracy  and  relative  nature  of  most  of  these  measurement  techniques,  and 
the  absence  of  free-carrier  transport  quantification. 

In  our  study  the  transport  and  recombination  of  free-carriers  and  the 
effects  of  GaAs/AJxGai.x^s  heterointerfaces  on  free-carrier  dynamics  is 
compared  for  MBE-  and  OMVPE-prepared  epitaxial  layers.  Our  test  structures 
were  symmetric  GaAs/AlojGaojAs  double  heterostructures,  which,  due  to 
their  simple  design,  eliminate  many  of  the  complications  of  more  complex  device 
structures,  thereby  allowing  an  assessment  of  the  intrinsic  free-carrier 
dynamics  of  these  undoped  materials  (intentionally  doped  structures  have  been 
studied  elsewhere  1^.1 5).  We  use  PL  time-decay  measurements  to  quantify 
free-carrier  kinetics  -  perhaps  the  most  quantitative  means  for  assessment  of 
nonradiative  recombination,  with  the  distinct  advantage  over  other  techniques  in 
its  absolute  rather  than  relative  nature.  Most  surface  recombination 
measurements  rely  on  relative  PL  efficiency  measurements  which  are  not  only 
relative  in  nature  but  also  difficult  to  perform  accurately,  whereas  PL  time- 
decays  yield  precise  and  absolute  (rather  than  relative)  quantities.  Free-carrier 
transport  was  quantified  through  an  all-optical  PL  imaging  technique  described 

elsewhere. 

We  have  examined  band-to-band  recombination  in  these  GaAs 
structures, 17  enabling  an  accurate  and  absolute  comparison  of  AlxGaj.xAs 
passivation  layers  versus  preparation  technique  (MBE  vs.  OMVPE),  and  a 
further  comparison  with  Na2S  passivating  layers.  We  find  that  characterization 
of  GaAs  layers  and  AlxGa[.xAs  and  Na2S  passivating  layers  requires  an 
exhaustive  study  of  the  minority-carrier  recombination  kinetics  (including  versus 
temperature).  17  We  find  that  lifetime  measurements  alone  are  not  sufficient  for 
accurate  interface  characterization  -  commonly  quantified  as  an  interface 
recombination  velocity  (a  phenomenological  term  which  arises  as  a  boundary 
condition  to  the  diffusion  equation,  and  relates  the  nonradiative  decay  rate  at 
each  interface  to  their  separation).  18 
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Samples  used  in  this  study  were  OMVPE-prepared  (MBE-prepared) 
Alo.3Gao.7As/GaAs  double  heterostructures,  grown  at  750  °C  (740  °C)  with 
growth  interruptions  at  each  heterointerface  to  promote  interfacial  abrupmess. 
Alo,3Gao.7As  cladding  layers  were  nominally  0.5  pm  thick,  undoped,  and  p-type 
~  3  X  IOI6  cm-3  (p-type  -  1015  cm  -3),  GaAs  layers  were  n-type  -  1  x  1015 
cm*5  (p-type  ~  1-2  x  IQl^  cm‘5‘ .  with  thicknesses  from  10  pm  to  50  A  (4  pm  to 
50  A).  By  varying  only  the  GaAs-layer  thickness,  we  may  thus  deduce  the 
effects  of  interface  and  bulk  nonradiative  recombination.  PL  was  excited  by  a 
variable  repetition  rate  cavity-dumped  dye  laser  (1  ps  pulsewidth)  with  near- 
resonant  wavelength  to  yield  essentially  uniform,  bulk  excitation.  The  extremely 
small  laser  fluences  used  in  the  PL  decay  experiments  (<  5  x  lOlO  cm‘2)  were 
obtained  by  defocusing  the  laser  spot  to  ~  3  mm  diameter,  whereas  the 
transport  measurements  required  tight  focusing  of  the  laser  spot  to  ~  3  pm 
diameter. 

Comparison  of  Na2S  passivants  with  the  original  Alo.3Gao.7As  layers 
required  the  removal  of  the  top  Alo.3Gao.7As  layer  -  thus  enabling  a 
comparison  of  passivants  for  a  single  interface.  This  was  achieved  through 
chemical  etching  with  a  3:1:50  solution  of  H3P04:H202:H20  at  0  °C.  Resulting 
surfaces  had  <5%  deviation  from  the  target  thickness  over  lateral  distances  of 
>  500  pm,  thereby  leaving  the  GaAs-layer  thickness  unchanged,  as  determined 
from  surface  profilimiter,  SEM,  and  TEM  measurements.  Standard  techniques 
were  used  for  application  of  the  Na2S  passivation  layer,^  and  all  measurements 
were  performed  in  the  dry  He-gas  atmosphere  of  the  optical  cryostat  within 
severaJ  hours  of  application  to  minimize  possible  degradation  of  the  hygroscopic 
Na2S  layer. 

The  300  K  PL  of  all  structures  exhibited  the  expected  Boltzmann  tail  on 
the  high-energy  side,  indicating  that  the  recombination  is  of  thermalized 
carriers.  17  In  addition,  peak  PL  energies  are  identical  for  all  bulk  samples. 
Decay  kinetics  versus  GaAs-layer  thickness  are,  however,  quite  different,  both 
qualitatively  and  quantitatively.  For  OMVPE-prepared  structures,  17  PL  decays 
are  highly-nonexponential  and  bimolecular  for  thick  samples,  and  rigorously 
exponential  for  thin  samples  (d  <  0.5  pm)  -  changing  systematically  from 
bimolecular  to  exponential  for  decreasing  GaAs-layer  thickness.  Decay  kinetics 
in  all  MBE-prepared  structures  are  bimolecular.  Lifetimes,  in  general,  decrease 
with  decreasing  GaAs-layer  thickness  in  all  structures.  These  kinetics  were  fit 
to  the  rate  equation  for  band-to-band  recombination 

^  = -B(np -I- noP  +  Pon) — ^ 

dt  d 
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p  (n)  is  the  photoexcited  hole  (electron)  density,  po  (no)  is  the  built-in  hole 
(electron)  density,  represents  bulk  nonradiative  decay,  d  is  the  GaAs  layer 
I  thickness,  and  Sj  (i=l,2)  is  the  interface  recombination  velocity  at  each 

interface.  B  is  the  bimolecular  decay  constant,  (2  x  10*10  cm^/s).^ 

Our  initially  bimolecular  decays  in  thick  OMVPE  and  all  MBE 
structures,  10  eventually  become  dominated  by  interface  recombination  at  long- 
^  times,  yielding  exponential  decays.  Results  for  thinner  OMVPE  structures  (<  0.5 

pm)  are,  in  contrast,  always  exponential.  We  have  found  in  our  optical  transport 
measurements  that  our  thin  OMVPE  structures  become  ejfectively  p-type 
modulation  doped  due  to  the  accumulation  of  holes  in  the  GaAs  layer  from  l^th 
I  Alo.3Gao.7As  layers.  16  Thus,  lifetimes  obtained  in  these  thin  OMVPE  samples 

are  accordingly  limited  by  the  majority-hole  density  (the  term  Bpon),  and  the 
minority-carriers  are  electrons.  In  contrast  the  higher-purity  MBE  structures 
exhibit  bimolecular  decays  with  exponential  long-time  tails  indicative  of  interface 
recombination. 

I 

Measured  lifetimes  may  be  used  to  calculate  interface  recombination 
velocities  for  these  samples.  and  87  are  related  to  the  measured  lifetime  as 

i  =  i  +  (§Ltil)  +  B(n„  +  p„),  (2) 

I  T  d 

(assuming  that  (Si  +  $2)  «  (tc2  D)/d,  where  D  is  the  diffusivity).!”^  Therefore,  S 
=  1/2(8 1  +  82)  may  be  calculated  from  lifetimes  versus  GaAs-layer  thickness. 
Our  results  are  shown  in  Fig.  1,  yielding  8  =  40  cm/s  and  8  =  250  cm/s  for 
I  OMVPE  and  MBE  structures,  respectively.  We  find  that  8  for  our  OMVPE 

structures  may  only  be  determined  from  the  thick  structures  (>  0.5  pm),  due  to 
complications  arising  in  thinner  structures,  as  noted  above.  Moreover,  we  find 
that  bulk  nonradiative  decay  is  negligible  in  the  OMVPE  structures  (Xnr  >  3  ps), 

and  larger  in  the  MBE  structures  (Tm-  =  800  ns). 

I 

After  finding  virtually  "surface-free"  interfacial  quality  for  the  OMVPE 
structures,  we  proceeded  with  Na28  surface-passivant  studies  of  these  samples. 
Figure  2  shows  PL  spectra  and  lifetimes  for  OMVPE  structures  with  an 
^  Alo.3Gao.7As  surface,  a  "bare"  surface,  and  a  Na28  passivated  surface.  Using 

Eq.  2,  we  obtain  interface  recombination  velocities  of  34,000  cm/s  and  5500 
ern/s  for  single  "bare"  and  Na28  interfaces,  respectively.  Corresponding  PL 
efficiencies  are  -  900  and  -  30  times  weaker  than  the  original  9.82  pm 
GaAs/Alo.3Gao.7As  double  heterostructure,  respectively.  Thus,  the  increased 
I  nonradiative  surface  recombination  is  accompanied  by  reduced  lifetimes  and  PL 

efficiencies. 
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Recently  we  have  reported  measurements  of  free-carrier  transport  in 
these  OMVPE  structures  using  a  time-resolved  PL  imaging  technique  1^  (these 
measurements  are  not  possible  in  the  Na2S  and  bare  surface  structures  due  to 
the  weak  PL  emission).  We  observedl^  a  time-dependent  and  GaAs-layer 
thickness  dependent  change  from  ambipolar  to  free-electron  dominated  diffusion 
that  is  quantitatively  understood  in  terms  of  the  known  unintentional  doping  of 
both  GaAs  and  AlojGao  7AS  1  yers.  We  report  here  similar  measurements  of 
free-carrier  transport  in  our  MBE  structures,  with  the  results  for  both  OMVPE 
and  MBE  structures  shown  in  Fig.  3.  In  contrast  to  the  complex  OMVPE 
results,  free-carrier  transport  in  the  MBE  structures  is  purely  ambipolar,  yielding 
hole  diffusion  constants  (D^  =  1/2  D^)  and  corresponding  mobilities  from  the 
Einstein  relation,  as  shown.  These  results  are  consistent  with  the  higher  purity 
of  the  isotype  MBE  structures  compared  to  the  OMVPE  structures.  Further, 
obtained  minority  hole  mobilities  in  this  n-type  GaAs  are  in  good  agreement  with 
majority  hole  Hdl  measurements  in  comparable  p-type  GaAs  samples. 

These  measured  minority-carrier  lifetimes  and  diffusivities  may  be  further 
used  to  characterize  the  heterointerfacial  quality  via  calculations  of  minority- 

carrier  diffusion  lengths.  Defined  as  Ld  =  VDt  ,  we  find  hole  diffusion  lengths  > 
37  p.m  and  >18  |im  for  the  OMVPE  and  MBE  structures,  respectively.  Also, 
we  find  electron  diffusion  lengths  >120  pm  in  the  thin  OMVPE  structures. 
These  results  are  shown  in  Fig.  4  together  with  the  number  of  heterointerface 
reflections  for  each  structure,  -  140  and  50,  respectively  (calculated  from  the 
ratio  of  Ld  to  d).  More  free-carrier  heterointerface  reflections  are  indicative  of 
higher  interfacial  quality. 

In  this  study  we  have  thus  determined  and  compared  the  passivating 
effects  of  MBE-  and  OMVPE-prepared  AlxGai.xAs  layers,  as  well  as  Na2S 
passivating  layers  on  a  single  GaAs  surface,  since  (1)  we  have  fully 
characterized  the  back  heterointerface  (GaAs/Alo.sGao.vAs)  and  find  it  to  be 
"surface-free"  (thus  minority-carriers  are  almost  totally  unaffected  by  the  back 
heterointerface),  and  (2)  we  have  quantified  minority-carrier  transport  in  these 
structures.  We  find  the  passivating  effects  and  optical  quality  of  MBE-prepared 
Alo.3Gao.7As  and  GaAs  layers  and  heterointerfaces,  although  of  extremely 
high-quality,  to  be  less  than  those  of  OMVPE-prepared  Alo.3Gao.7As  and  GaAs 
layers  and  heterointerfaces  -  a  surprising  result  in  view  of  the  typically  higher 
mobility  of  MBE  structures  compared  to  OMVPE  structures.  Moreover,  we  find 
bulk  nonradiative  decay  is  more  significant  in  MBE  than  OMVPE  structures. 
We  confirm  that  Na2S  passivants  are  inferior  to  high-quality  Alo.3Gao.7As 
layers.  Further,  all  intrinsic  band-to-band  recombination  kinetics  are  fully 
described  by  the  band-to-band  recombination  rate  equation.  From  our  analysis, 
we  also  conclude  that  photon  recycling  is  negligible  in  these  structures  based 
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upon  three  observations:  (1)  lifetimes  are  consistent  with  known  sample  purity 
and  radiative  B  coefficient,20  (2)  PL  spectra  exhibit  no  redshift  versus  GaAs- 
layer  thickness,  1^*21  and  (3)  all  transport  is  in  good  agreement  with  electrically 
measured  mobilities.  Lastly,  our  OMVPE  lifetimes  (2.5  ps  for  the  9.82  pm 
structure)  and  interface  recombination  velocities  (40  cm/s)  are  among  the 
longest  and  lowest^  respectively,  for  any  GaAs/AlxCaj.^As  structure  to  date. 

This  work  was  supported  in  part  by  ONR  under  contracts  N00014-90-C- 
0077,  N00014-91-J-1697,  and  N00014-92-J-1927,  and  the  U.S.  DOE  under 
contract  DE-AC04-76DP00789. 
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FIGURE  CAPTIONS 


Fig.  1.  300  K  lifetimes  obtained  for  the  OMVPE-prepared 

Alo.3Gao,7As/GaAs/Alo.3Gao.7As  double  heterostnictures  •,  MBE- 
prepared  Alo.3Gao.7As/GaAs/Alo.3Gao.7As  double  heterostructures  o, 
Na2S/GaAs/Alo.3G4.o.7As  heterostructures  A,  and  "bare" 
GaAs/Alo.3Gao.7As  heterostructure  ♦ ,  versus  GaAs  layer  thickness. 

Fig.  2.  (a)  300-K  PL  for  9.82-|im  Alo.3Gao.7As/GaAs/Alo.3Gao.7As  double 
heterostructure,  Na2S  passivated  structure,  and  a  "bare" 
GaAs/Alo.3Gao.7As  structure,  (b)  Corresponding  300-K  PL  decays  for 
these  same  structures,  with  derived  lifetimes. 

Fig.  3.  Electron  and  hole  diffusion  constants  and  mobilities,  versus  GaAs  layer 
thickness  for  OMVPE-  (squares)  and  MBE-prepared  (circles)  structures. 

Fig.  4.  (a)  300  K  diffusion  leng^  obtained  from  our  transport  and  time-decay 
results  for  all  GaAs/Alo.3Gao.7As  double  heterostructures,  (b) 
Corresponding  number  of  free-carrier  heterointerface  reflections  for  these 
structures. 
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Abstract 

Recently,  an  optical  emission  process,  termed  the  Il-band,  has  been  observed  in  GaAs 
AI,Ga,  _  ^As  heterostructures  which  has  been  related  to  the  regions  surrounding  the  heteroin¬ 
terfaces.  We  show  here  that  the  mechanism  responsible  for  this  new  H-band  photoluminescence 
(PL)  in  our  structures,  is  the  recombination  of  quasi-2D  excitons  —  and  n^  due  to  either  the 
recombination  of  carriers  bound  at  impurities,  defects,  or  recombination  of  2D  carriers  with  3D 
free-carriers.  We  have  u<:ed  such  PL  in  high-purity,  virtually  “interface-free”  GaAs(n~) 
Alo3Gan.7As(p)  double  heterostructures  to  study  Il-band  decay  dynamics,  and  thus  prove  these 
excitations  in  our  structures  are  “intrinsic”  and  arise  from  quantum-mechanically  bound  qua- 
si-2D  excitons.  Time-resolved  PI  spectra  show  emission  to  be  spectrally  non-stationary,  with 
lifetimes  across  the  band  varying  from  a  few  ns  to  more  than  50  ns.  Further,  we  find  that  large 
interfacial  recombination  velocities,  in  inferior  samples,  may  ma.sk  the  truly  intrinsic  H-band 
recombination  dynamics.  Our  accompanying  quantum-mechanical  numerical  modeling  of  such 
2D-excitons  interprets  and  reproduces  virtually  all  of  our  experimental  observations.  Indeed, 
they  demonstrate  H-band  PL  cannot  be  impurity-induced,  but  instead  arises  from  the  recombi¬ 
nation  of  intrinsic  excitonic  states  bound  at  both  heterointerfaccs.  Hence,  we  find  that  in 


thinner  structures,  these  excitonic  states  may  he  simultaneously  associated  with  both  interfaces, 
with  a  critical  GaAs-thickness  at  which  this  “exciton  sharing”  between  heterointerfaces  becomes 
significant  of  ~  0.5  Aim.  We  also  discuss  the  time-evolution  of  the  initially  photo-excited  3D 
“bulk”  excitons  as  they  acquire  this  sub,scqueht  2D-character,  through  a  mechanism  at  the  in- 

W 

terfaces  analogous  to  the  Quantum  Confined  Stark  nffect  in  quantum  wells.  Our  combined 
experimental  and  theoretical  modeling,  in  the.se  virtually  “interface-free,”  samples  therefore, 
provide,  perhaps,  a  direct,  “pure”  measure  and  full  quantum- mechanical  explanation  of  the 
temporal  evolution  of  these  intrinsic  2D-excitons  —  from  3D-formation  to  2r)-recombination 
—  as  undistorted  by  the  deleterious  influence  of  carrier  trapping  and  nonradiative  decay  (in  both 
the  bulk  and  at  interfaces),  which  may  otherwise  dominate  the  usually  “more-imperfect”  typical 
heterostructure.  The  results  presented  here  are  for  specific,  high-quality,  “interface-free”  GaAs/ 
Alo.jGag jAs  heterostructures,  however  these  measurement  and  analysis  techniques  may  also  be 
applicable  to  other  types  of  structures. 


I.  INTRODUCTION. 


Modem  epitaxy  of  structured  materials  now  makes  possible  detailed,  analytical  study  of  the 
structural  and  electronic  properti's  of  high-electronic-quality,  abrupt  heterostructure 
interfaces.'”*  Molecular  beam  epitaxy  (MBE)  and  organometallic  vapor  phase  epitaxy 
(OMVPF)  are  most  recently  capable  of  producing  truly  abrupt  heterointerfaces,  with  interfacial 
fluctuations  of  one-to-two  monolayers.*”’  Moreover,  relative  material  purity  has  also  dras¬ 
tically  improved,  as  these  separate  grow'th  techniques  have  matured  and  higher-purity  sources 
have  become  available.  As  a  resiilt,  the  intrinsic  properties  of  heterointerfaces  —  e.g.,  spikes  and 
notches  in  the  energy-band-edges  at  the  heterointerface  —  might  now  be  studied  spectroscopi¬ 
cally,  virtually  unimpeded  by  the  effects  of  graded  interfaces,  or  consequential  residual 
impurity/defect  concentrations  either  in  the  bulk,  or  at  the  interfaces.  We  thus  report  here  the 
first  detailed  results  of  extensive  static  and  dynamical  study  of  formation  and  decay  of  quan¬ 
tum-mechanical  excitonic  states,  bound  intrinsically  at  such  high-quality  GaAs/Al^Ga,  _,As 
heterointerfaces  in  double  heterostructures. 


Recently,  optical  studies  of  Ga-As/Al^Ga,  .structures  have  resulted  in  the  observation 

a 

of  a  new  and  distinct,  near-edge  photoluminescence  (PI.)  process.  Referred  to  as  the  H-band, 
this  PL  lies  energetically  between  the  edge-bound  excitons  and  the  band-to-acceptor  (and/or 
donor-acceptor  pair)  emissions,  and  has  been  observed  in  both  n-p  and  n-n  heterostructures. 
Indeed,  such  H-band  PL  has  been  reported  for  .sample^  prepared  by  a  variety  of  techniques, 
including  liquid  phase  cpitaw  (LPL).*  MBF.*’"”  and  OMVPn.’’”’*  Furthermore,  some  PL 


Il-band  studies  conducted  in  electric'**"^  '*’  and  magnetic 


in.i2.i/.is  pjgijj  iiave  sugge.sted  that  this 
recombinat’on  may  be  spatially  related  to  the  heterointerface,  and  possibly  the  electrostatic 


band-bending  generally  induced  there.  However,  to  date,  no  complete  and  systematic  study  of 
H-band  temporal  evolution  (dynamics)  has  been  reported,  especially  in  heterostructures  proven 
to  be  electronically  optimum.  Hence,  in  our  view,  a  truly  adequate  and  compelling  explanation 


for  the  excitations  responsible  for  this  unique  PL  —  capable  of  accounting  for  all  of  its  static 
and  dynamic  properties  —  has  not  been  available. 

Previous  studies  have,  for  instance,  shown  (mostly  through  cw-PL)  relatively  complex, 
power-  and  temperature-dependences  for  M-band  emission.  In  its  first  observation.  Yuan  et 
al.*  concluded  this  new  M-band  PL  must  arise  from  the  GaAs/Alj,Ga,  _,As  heterointerface  — 
a  supposition  supported  mo.stly  by  chemically  removing  one  of  the  Al*Ga,  _^s  barriers,  and 
observing  either  diminishment  or  total  loss  of  the  Il-band.  Nonetheless,  the.se  workers  also 
found  accompanying  H-band  peak-energy-shifts  to  he  more-or-less  proportional  to  the  log  of 
the  excitation-laser  power  density,  and  that  Il-band  PL  intensity  seemed  to  qualitatively  di¬ 
minish  with  increasing  temperature,  from  1.8-K  to  near  disappearance  above  ~  15  K.  Further, 
electric-field  studies'^'"’  ’’  indicated  a  tendency  for  H-band  PL  to  shift  in  energy  with  applied 
field.  In  contrast,  magnetic-field  studies'”  '^  '’•'*  found  the  Il-band  to  split  into  several  peak', 
whose  magnitudes  varied  as  roughly  the  cosine  of  the  angle  between  the  field  and  the  growth 
direction,  thus  indicating  a  possible  two-dimensionality  for  this  excitation,  and  implicating  the 
heterointerfaces  with  its  possible  origin.  Moreover,  the  PL  also  appeared  to  shift  to  higher  en¬ 
ergies  with  applied  magnetic-field  (by  as  m\ich  as  10  rneV  at  10  Tesla),  but  inconclusively  the 
associated  “diamagnetic  shift"  appeared  linear  in  applied  magnetic-field  in  some  studies,'”’'^ 
while  appearing  nonlinear  in  field  in  others.  Lastly,  limited  study  of  H-band  temporal  decays 
suggested  an  increased  lifetime  with  applied  magnetic-field.  ’  thus  making  H-band  temporal 
evolution  very  complex. 

Thus,  despite  many  such  luminescence  and  perturbative  H-Kind  studies,  much  controv'-rsy 
still  remains  concerning  the  physical  origin  of  this  excitation  and  recombination  procc*  s.  As 
an  example,  Alferov  et  al.’^  have  concluded  this  PL  (found  in  their  MB  E-structures)  was  due 
to  the  recombination  between  donor  impurities  in  the  narrow-gap  material,  w'ith  unspecified 
“acceptor-like"  surface  states  arising  from  within  the  barrier  materials.  More  recently, 
others’^  '^  '^  have  attributed  virtually  this  same  PL  to  yet  other  unspecified  defect-pair  recom- 


bination,  in  which  one  of  the  defects  is  located  precisely  at  the  GaAs/AI,Cia,  _,As  interface. 
Nonetheles.s,  most  studies*’'®''"*'”’^®'^’  have  yielded  to  the  conclusion  that  the  H-band  may  arise 
from  the  recombination  between  a  free  carrier  and  a  carrier  (not  necessarily  quantum-mcchan- 

ically)  confined  near  hetero-interfacial^band-bending.  However,  to  date,  numerous  experimental 

•  ’ 

observations  still  remain  incompletely  or  inadequately  explained  by  any  truly  definitive  physical 
model  or  system  photoexcitation. 

In  contrast,  here  we  show  that  the  Il-hand  emission,  in  our  structures,  is  not  impurity  in¬ 
duced,  but  instead  results  from  an  “intrinsic”  2-D  cxcitonic  emission.  As  will  be  shown,  this 
becomes  apparent  through  detailed  dynamical  behavior  found  by  time-resolving  the  H-band  PL 
in  a  series  of  otherwise  identical,  virtually  “interface-free”  GaAs/AlojGao  7AS  double  heteros¬ 
tructures,  in  which  the  GaAs-layer  thickness  is  made  the  single  and  most  important  structurally 
varied  sample  parameter.  We  then  ofier  an  analytical  and  numerically  solved,  fully  quantum- 
mechanical,  model  for  the  H-band  excitation  and  .simulation  of  its  subsequent  temporal  evolu¬ 
tion,  and  definitively  show  observed  decays,  in  our  structures,  may  only  be  explained  by  the 
combined  effect  of  both  double  hetcrointerfaces.  Our  calculations  thus  explain  virtually  all  of 
our  experimentally  observed  static  and  dynamic  properties  of  low-tempcrature  H-band  emis¬ 
sion. 

2.  EXPERIMENTAL  METHODS. 

•Samples  used  were  OMY’I’R-prepared  ('»a,As/.Alo  i(»an.7.A.s  double  heterostructurcs,  with 
GaAs  thicknesses  ranging  from  n  |  /mi  to  2.0  fim.  Alo  -,(»ao7A«  layers  were  0..5-//m  thick  in  all 
samples,  and  were  unintentionally,  p-type  (carbon)  doped  at  10'®cm~  whereas  GaAs  lay¬ 
ers  were  nominally  undoped,  n-type  at  ~lxlo'^cm”^.  All  heterostructures  were  prepared  at 
750'’C,  at  V/III  ratios  of  40.  with  undoped  (n-type)  0..5-/<m-thick  GaAs  buffer  layers,  on  semi- 
insulating  substrates.  To  help  promote  interfacial  abruptness,  all  samples  were  prepared  with 
growth  interruptions  at  each  heterointerfacc. 


Photoluminescence  experiments  were  performed  in  a  variable-temperature  optical  cryostat, 
allowing  detailed  studies  versus  temperatures  between  1.8  and  50  K.  Samples  were  mounted 
“strain-free”  with  rubber  cement  to  the  .sample  probe,  with  the  temperature  monitored  by  a  Si- 
diode  mounted  (in  the  same  fashion)  to  the  probe  backside.  Luminescence  was  excited  by  a 

t 

synchronously-pumped,  cavity-dumped  DCM 

{4-Dicyanomethylene-2-methyl-6-p-dimethylaminostyryl-4H-pyran)  dye  laser,  with  a  pulse- 
width  of  1.0-ps,  and  tunable  from  6400  to  7000  A.  The  Inmine.scence  was  collected  and  then 
dispersed  by  a  0.85-metcr  double-grating  spectrometer,  and  detected  by  a  chilled  RCA  C31034A 
photomultiplier.  Time-decays  were  collected  using  the  time-correlated  single-photon-counting 
technique;^^  care  was  taken  to  insure  photon-pile-up  did  not  occur,  by  keeping  detection  rates 
at  least  2-orders-of-magnitude  below  the  laser  repetition  rate;  total  system  time  resolution  was 
better  than  0.5  ns.  Photoexcited  carrier  den.sities  for  all  kinetics  studies  were  ~ 
lO'*-  lO'^cm”^ 

3.  EXPERIMENTAL  RESULTS. 

Because  our  study  may  relate  to  the  GaAs/Al^Ga,  _,As  heterointerfaces,  careful  first  char¬ 
acterization  of  these  interfaces  is  of  ultimate  importance.  Without  such  thorough  study  of  the 
interface  and  bulk  properties,  one  may  never  be  certain  that  observed  processes  arc  not  related 
to  —  if  not  totally  originating  from  —  poor  interfacial  and/or  bulk  properties.  We  have  thus 
thoroughly  characterized  all  samples  by  measuring  the  absolute  interface  quality as 
"quantified"  by  the  interface  recombination  veiocify.  S.  rcpre.senting  the  nonradiative  decay  of 
carriers  at  each  heterointerface.  .Such  generally  nonradiative  and  uncontrollable  decay  may 
drastically  alter  PL  efficiencies  and  lifetimes,  and  is  usually  calculated  from  PL  efficiency  and/or 
lifetime  measurements.^®  “  We  have  therefore  calculated  S  from  room-temperature  lifetime 
measurements  of  all  samples,  finding  S  <  40  cm,  s  _  among  the  lowest  reported  (by  de¬ 

tailed  GaAs-thickness  dependences)  for  any  GaA.s/.Al^Ga,  _  ^As  structure.^^  to  date  —  with 
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room-temperature  band-to-band  recombination  lifetimes  of  over  2.5  ms.  Such  high- 

quality  interfaces  should  therefore  allow  carriers  to  reside  near  to  them,  for  long  times,  without 
decaying  nonradiatively;  we  may  thus  be  assured  that  ensuing  dynamics  found  are  not  adversely 
affected  (or  distorted)  by  the  interface.  In  addition,  our  long  observed  lifetimes  indicate  that 

4  / 

bulk  nonradiative  recombination  in  our  samples  may  be  neglected,  as  well. 

A  typical  low-temperature  (1.8-K)  PI.  spectrum  of  a  0.3-/im-thick  GaAs-layer  double  het¬ 
erostructure  is  shown  in  Fig.  1.  All  samples,  regardless  of  GaAs  thickness,  show  the  same 
general  features  —  luminescence  dominated  by  free-excitons  peaking  near  1.51515  eV  (8180.8 
^),30-33  much  weaker  emission  peaking  near  1.490  and  1.492  eV  attributable  to  donor- 
acceptor  pair  (DAP)  and  band-to-carbon  acceptor  (BA^)  recombination.  The  unusually  high 
sample  quality  is  confirmed  by  this  rare  domin.nnce  of  free-excitonic  emission,  in  preference  to 
the  usually  intense  shallow-impurity-bound  cxcitons  found  in  even  the  purist  epitaxial 
GaAs;^*”^’  indeed,  in  our  samples,  such  “intrin.sic”  excitonic  PL  associated  with  both  residual 
donors  and  acceptors  is  found  only  weakly  in  the  PL  spectra,  just  below  the  free-exciton  (Fig. 
1).  The  broader  PL  feature  located  between  these  edge-excitons  and  the  band-to-acceptor  was 
first  identified  by  Yuan  et  al..*  and  termed  the  “H-band.”  It  is  important  to  recognise  that  this 
emission  lies  energetically  between  all  the  known  shallow  band-edge-excitons^°  and  the  shal¬ 
lowest  band-to-acceptor  luminescence  (from  carbon).**'  Thus,  one  may  conclude  the  H-band 
may  not  be  attributed  to  the  recombination  of  carriers  at  impurities  solely  within  the  GaAs  layer 
itself. 

Also  sho'vn  in  Fig.  1  is  the  PI  excitation  (PLF''  cpcctra.  detected  at  the  peak  of  the  H-band 
emission.  Clearly,  the  dominant  PLF  peak  exactly  coincides  with  the  frcc-exciton  PL.  This  is 
indicative  of  the  importance  of  frec-excitonx  to  a  full-understanding  of  11-band  kinetics  (i.e. 
formation).  Also  evident  in  the  PLF  spectra  is  the  band-to-band  absorption  which  subsequently 
leads  to  H-band  emission.  This  same  feature  is  evident  in  the  free-exciton  PLF  (detector  set  at 
free-exciton  emission  energy  8180.8  A).  Thus,  the  band-to-band  absorption  may  lead  to  H-band 
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emission  through  the  intermediate  formation  of  free-cxcitons. 

Figure  2  shows  1.8-K  PL  spectra  for  a  representative  set  of  such  samples,  with  varying 
GaAs-layer  thicknesses.  All  spectra  show  the  same  general  features,  namely,  frec-exciton  PL, 
edge-bound  exciton  PL,  and  relatively  strong  Il-band  PL;  these  spectral  features  are  reproduci¬ 
ble  in  all  samples.  Thus,  the  high-quality  of  the.se  structures  —  as  evidenced  by  the  rare,  distinct 
free  exciton  emission  —  is  consistently  uniform.  Moreover,  we  find  free  exciton  emission  to  be 
absent  upon  chemical  removal  of  the  top  AlojjGaojAs  laycr^°~^^  (giving  rise  to  the  well-known 
“double-humped”  structure,^^  with  a  dip  at  the  free  excitonic  resonance  (1.51515  eV)  which  is 
generally  associated  with  exciton-polariton^^  and  “dead-layer”  effect!!^  “^*),  a  re.sult  most 
probably  linked  to  the  high-interfacial  quality  experienced  by  both  the  free  excitons  and  the 
H-band  excitations. 

We  find  in  all  of  our  heterostructurc  samples  that  ll-band  intensity  also  decreases  dramat¬ 
ically  with  increasing  temperature,  as  illustrated  in  Fig.  3.  As  an  example,  11-band  PL  is,  in  fact, 
fully  quenched  and  undetectable  from  the  background  at  just  >  14  K.  The  impurity-induced 
transitions,  i.e.  (DAP),(BAc).  (D0,X),  etc.,  are,  however,  still  present  in  the  spectra  above  14 
K,  and  do  not  decrease  in  intensity  with  increasing  temperature  nearly  as  drastically  as  the  ll- 
band.  As  further  documentation  of  this  rapid  quenching.  Fig.  4  shows  the  spectrally-integrated 
ll-band  intensity  versus  temperature.  Thus,  by  plotting  such  data  versus  inverse  temperature 
(an  Arrhenius  plot)  an  activation  energy  foi  this  emission  process  may  then  be  extracted 
(through  least-squares  fitting)  —  with  the  best  fit  to  our  data  yielding  ~  0.75  meV;  similarly,  all 
other  samples  yield  activafion  energies  <  1  meV  This  unusually  small  activation  energy  com¬ 
pared  to  shallow  edge-excitons  (e  g..  5  meV  for  a  donor-bound-exciton'*”).  together  with  the 

unique  energetic  H-band  peak  position,  argue  against  the  H-band  PL  process  being  associated 
with  the  “extrinsic”  recombination  of  carriers  trapped  at  residual  impurities/defects  either  in  the 
GaAs,  or  precisely  at  the  Ga.-Xs,  .AIq  jGao  t.A’'  hcterointcrfaces. 

Yuan  et  al.*  have  shown  that  H-band  peak  position  after  cw  excitation  may  also  be  power 
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dependent,  moving  to  higher  energies  as  the  Jog  of  the  excitation  power  density  in  their 
LPE-structures;  this,  we  have  also  verified  in  all  of  our  OMVPE-heterostructurc  samples  as 
further  proof  of  H-band  observation  and  identification.  This  “static”  H-band  behavior  may  be 
understood  as  being  due  to  the  changes  in  intcrfacial  hand-bending  resulting  from  the  addition 
of  free  photo-carriers  (and/or  excitons),  as  will  be  shown  in  detail  later.  We  also  find  that  H- 
band  PL  is  absent  upon  chemical  removal  of  the  top  Alo  3Gao  7As  layer,^^~^*  as  in  Fig.  2,  thus 
again  showing  qualitative  verification  of  H-band  identity,  parallel  to  those  of  Yuan  et  al..* 
Having  thus  confirmed  H-band  activity  in  all  of  our  heterostructures,  we  proceeded  to  the  pre¬ 
viously  sparsely  studied,’**  dynamical  time-evolution  characteri.stic  of  the  H-band  recom¬ 
bination  process.^^  “ 

Because  the  H-band  peak-energy  critically  depends  upon  a  variety  of  experimental  condi¬ 
tions,  and  becau.se  veiy  little  may  be  inferred  from  cw  PL  about  such  possible  dynamics  of  the 
H-band,  detailed  time-resolved  PL  measurements  were  performed,  aimed  at  understanding  the 
emission  kinetics.^^  ~  Figure  5  shows  such  time-resolved  PL  of  a  0.2-Mni  structure,  with  each 
successive  spectrum  having  been  taken  at  I5n-ns  intervals.  These  data  immediately  demonstrate 
the  H-band  is  not  stationary  in  time.  but.  in  fact,  moves  toward  decreasing  emis.sion  energies, 
as  time  goes  by  —  with  total  (cumulative)  shift  being  >  2.*'  meV. 

Such  H-band  time-evolution  may  be  further  quantified  by  measuring  the  detailed  inten.sity 
versus  time  (time-decay)  at  discrete  energies  throughout  the  emission  .spectrum.  Hence,  Figs. 
6(a)  and  6(b)  show  such  decay  kinetics  at  various  emission  energies  for  2.0-  and  0.2-^rm  samples, 
respectively  —  with  all  decays  being  highly-nonexponential,  but  readily  fit  to  a 

“bimolecular”  decay  of  the  form^”  ~  ^  ' 
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.Such  an  implied  PL  intensity  time-depcndcncc  results  from  solution  of  the  difTercntial 
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equation 
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Implicit  in  these  equations  are  the  conditions  n  =  p,  where  n  (p)  is  the  total  electron  (hole) 
densities  (photo-injected,  plus  built-in)  and  Oq  (Pq)  is  the  built-in  electron  (hole)  density. 
Least-squares  fits  to  the  data,  u.sing  Fq.(l).  lead  to  well-defined  and  eminently  comparable  de¬ 
cay  lifetimes  (representative  of  the  asymptotic  exponential  decay);  these  long,  nonexponential 
decays  (with  systematic  trends  versus  emission  energy)  are  typical  of  all  of  our  hetcrostructure 
samples. 

By  measuring  our  derived  lifetime  (r)  versus  emission  energy  and  versus  GaAs  thickness,  the 
direct  influence  of  this  “active”  GaAs-layer  on  H-band  dynamics  may  be  straight-forwardly 
deduced.  (Such  lifetimes  were  only  measured  at  energies  either  well-above  the  band-to-acceptor 
luminescence  or  well-below  the  cdge-cxcitonic  luminescence,  so  as  to  minimize  the  influence  of 
two  spectrally  overlapping  processes  in  the  decays.)  Figure  7  .show\s  these  lifetimes,  as  deduced 
from  nonlinear-least-squarcs  fits  to  Fq.  (I)  versus  emission  energy,  for  all  double  heterostruc¬ 
tures  studied.  (Note  the  thinnest  structure  -  700  A  -  shows  the  effects  of  quanUim  confinement 
and  the  concomitant  blue-shift  in  emission  cnerrgy.)  Quite  generally,  we  find  lifetimes  increase 
exponentially  with  decreasine  emission  cnergy.^^"^^  with  results  for  thicker  structures  (e.g.,  0.5 
nm.  I.O  ^m,  and  2.0  /tm)  being  virtually  identical  at  all  emission  energies,  and  with  lifetimes 
ranging  from  several  ns  to  more  than  50  ns.  As  the  GaAs-layer  thickness  decreases  below  ~ 
0.5  fiTD,  however,  significant,  systematic  differences  rapidly  become  evident,  appearing  only  on 
the  low-energy-side  of  each  Il-cmission  band.  We  thus  find  the  significant  result  that  1 1-band 
lifetimes  appear  to  saturate  at  different  values  for  different  GaAs  thicknesses,  with  the  onset  of 
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The  fact  that  difTerent 


saturation  ocv  urring  at  higher  energies  for  thinner  GaAs  layers.^^~^^ 
structures  (with  similar  purities  and  virtually  identical  interfaces  —  as  determined  by  the  inter¬ 
face  recombination  velocity)  have  differing  emission  dynamics  further  supports  the  notion  that 
H-band  emission  may  indeed  be  of  “intrinsic”  origin  and,  hence,  not  impurity-induced.  Further, 
we  find  experimentally  that  structurally  identical,  but  electronically  and  optically  “inferior” 
samples,  with  larger  interfacial  recombination  velocities,  yield  drastically  shorter,  nonexponen¬ 
tial  H-band  kinetics  and  corresponding  lifetimes  while  showing  virtually  identical  Il-band  PL, 
Fig.  8;  hence,  their  behavior  versus  time  may  not  be  trusted  to  be  truly  indicative  of  an 
“intrinsic”  decay  process,  but  instead  would  presumably  reflect  the  irrelevant  (and  unwanted) 
dynamics  of  the  unidentified  competing  “extrinsic”  nonradiative  recombination  associated  with 
an  electronically  (and  possibly  atomically)  inferior  interface. 

4.  THEORETICAL-MODEL  RESULTS. 

The  electronic  structure  of  heterojunctions  has  been  the  subject  of  much  attention  since  the 
early  1960's.^’  ~  ”  .Much  work  focussed  on  electrostatic  bending  of  the  conduction  and  valence 
bands  at  the  heterointerfaces,  which  results  from  differences  in  properties  of  the  two  materials 
composing  the  heterojunction  —  including  electron  affinities,  dielectric  constants,  band  gaps, 
doping  type,  and  doping  densities.  It  has  generally  been  recognized  that  this  band-bending  may 
confine  carriers  next  to  the  interface  in  the  notch  formed  by  such  band-bending.^^  The  specie 
of  such  carriers  which  may  become  quantum-rnechanicallv  confined  (electron  or  hole)  depends 
on  the  type  of  heterojunction  (i.c..  n-n  or  p-n,  respectively),  while  the  confined  carrier  is  two- 
dimensional  (2D),  and  is  restricted  in  movement  to  directions  parallel  to  the  interface.  Much 
work  has  been  done  on  the  2-dimensional  electron  gas  (2DEG)  which  may  form  in  these  elect¬ 
rostatic  potential  notches,*^  especially  in  relation  to  high-mobility  or  IlEMT  structures. 

Yuan  et  al.*  have  postulated  that  the  Il-hand  emission,  in  their  n-n  double  heterostructures 
arises  from  the  recombination  of  a  2D  confined-electron  with  a  3D  free-hole.  Such  rccombi- 
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nation  might  then  occur  by  tunneling  in  the  tails  of  the  high-field  regions  of  the  GaAc  layers; 
disturbingly,  however,  such  mechanisms  can  not  explain  all  experimental  H-band  observations 
(i.e.,  temperature  dependence,  etc.).  Alternatively,  emission  from  such  states  might  alcri  he  in¬ 
terpreted  as  the  recombination  of  a  quasi-2D  exciton;  and  indeed  Balslev*^  adopted  such  a  view 
as  a  means  of  including  a  possible  existing  electron-hole  Coulomb  interaction  (within  the 
scheme  proposed  by  Yuan  et  al.*).  In  this  picture,  the  photo-excited  free  carriers  and  highly- 
mobile  3D-excitons,  which  form  in  <  I  ns.^"'  must  diffuse  (or  be  field-driv  n)  to  the  GaAs 
high-field  interfacial  regions;  the  exciton  energy  then  decreases,  due  to  the  quadratic  Stark 
shift'^  and  the  field-induced  polarbation  of  the  exciton  perpendicular  to  the  interface.  Thus,  the 
photoexcited  excitons  might  became  “attracted”  for  a  variety  of  reasons  to  the  heterointerface, 
and  steadily  evolve  into  quasi-2D  excitons  —  with  the  1 1-band  emission  then  being  the  result 
of  radiative  recombination  of  these  2D.  intrinsically  bound  excitons.  Hence,  this  H-band  PL 
may  be  thought  of  as  re.sulting  from  an  intrinsic  Quantum  Confined  Stark  Effect,  wherein 
the  field  results  from  the  heterojunction,  and  the  quantum  confinement  is  due  to  the  sharp 
electrostatic  potential  profile  at  the  heterointerfaces. 

Such  regions  adjoining  che  hcterointcrfaces  are  the  high-field  regions  of  the  heterostructure, 
with  a  peak  field  sufficiently  great  tc  possibly  ioni7e  any  free-excitons  which  might  gravitate 
toward  those  interfaces.  It.  therefore,  might  be  questioned  whether  these  quasi-2D  excitons 
may  be  allowed  to  exist,  as  the  field  required  to  ionize  bulk  free  excitons  in  GaAs  is  only  4.5 
kV/cm.^’’  (It  will  he  shown  below  that  these  quasi-2n  excitons  may.  indeed,  exist  in  these 
structures,  albeit  in  the  high-field  tail.)  In  conncc».’"in  with  this,  Kohler  et  al.''*’  have  found  that 
2D-excitons  in  quantum-wells  innv  survive  in  electrostatic  fields  of  up  to  100  kV/cm.  largely  as 
a  result  of  the  quantum-confinement  accompanying  the  reduction  in  dimensionality  from  3D  to 
2D. 

Thus,  here,  the  first  step  in  modeling  Il-band  emission  along  these  lines  is  to  determine  the 
electronic  bands  of  the  entire  structure.  Figure  9  shows  such  a  self-consistent  solution  of 


Poisson's  equation,  obtained  numerically,  for  the  0.5-^m  structure.  (Our  structures  form  p-n 
heterojunctions;  therefore,  the  discussion  throughout  the  rest  of  this  paper  will  be  restricted  to 
this  case,  unless  otherwise  explicitly  noted.)  In  modeling  this  band  structure,  and  —  hence,  the 
Il-band  emission  —  it  is  thus  imperative  to  include  both  heterointerfaces,  thu^  causing  the 
GaAs-layer  thickness  to  become  an  important,  if  not  critical  parameter.^^  ” 

Laser  photoexcitation,  generic  to  all  of  the.se  PL  ll-band  experiments,  generates  additional 
free  carriers  which  may  alter  the  resultant  hand  structure.  In  this  context,  photocxcited  holes 
will  diffuse  and  drift  to  the  high-field  region  near  the  interface,  thereby  altering  (self-consis- 
tently)  the  electrostatic  fields  determining  the  entire  hetcrostructure  band  structure.  Since  these 
photoexcited  carriers  must  decay  both  radiativcly  and  perhaps  nonradiatively,  the  total  carrier 
density  —  and  hence,  the  band  structure  --  must  change  drastically  with  time,  especially  near  the 
heterointerface.  In  view  of  this,  any  realistic  physical  model  must  consist  of  self-consistent, 
time-dependent,  simultaneous  solutions  of:  (I)  Poi.sson's  equation,  (2)  the  Boltzmann  equation, 
governing  carrier  transport  and  decay,  (3)  Schrodinger's  equation,  and  (4)  the  electron-hole 
Coulomb  interaction.  Such  a  complete  model  is  indeed  most  complex  and  thus  beyond  the 
.scope  of  this  work.  Nonetheless,  we  find  a  more  calculationally  simplistic  (but  still  realistic) 
physical  model  may  be  adopted,  and  readily  solved,  in  which  we  “parameterize”  the  time  evo¬ 
lution  (dynamics)  of  the  entire  heterostructurc.  while  neglecting  the  details  of  the  actual  carrier 
transport.  In  this  spirit,  the  band  structure  of  Fig.  9  was  approximated  by  fitting  it  to  an  ex¬ 
pression  of  the  form 

/  1^1  > 

=  Fidf^’anC  (4) 

and 

0,(z)  =  .^v(7.)  +  F,.  (5) 


where  i  =  1.2  correspond  to  the  GaAs  and  .•\ln3GaQ7As  layers,  respectively.  Here  also,  Fj  re- 


presents  the  maximum  field  at  the  hcicrointcrface  in  each  layer,  df**  becomes  a  characteristic 
“screening  length”  parameter,  as  measured  in  units  of  the  simpler,  3D-exciton  Bohr  radius 
(ag),  and  7.  is  the  growth  direction. 

This  admittedly  n''n-(explicitly)  ti  ne-dependent  approach  provides  a  physical  and  realistic 
starting  point  for  numerical  calculation,  and  essentially  corresponds  to  the  case  of  no  photoex- 
citation,  or  the  long-time  limit  (t  —  oo).  In  the  opposite  extreme  (i.e.,  creation  of  a  large 
number  of  electron-hole  pairs  in  the  GaAs  layer),  the.se  additional  carriers  are  available  to 
screen  the  heterointerface  electrostatic  field,  thereby  reducing  the  heterointerface  band-bending; 
thus,  as  t  -*  0,  the  conduction  and  valence  bands  of  the  GaAs  layer  should  approach  a  “flat- 
banded”  condition.  Such  dynamics  f^and  their  intermediate  case.s)  may  thus  be  modeled  by 
parameterizing  d,,  the  screening  length,  in  the  GaAs  layer  as  a  virtual  (relative)  time  parameter 
following  pulsed  photoexcitation.  Since  the  actual  photoexcitation  was  performed  energetically 
below  the  Alo.3Gao7As  band-gap  (thereby,  only  generating  additional  carriers  in  the  GaAs 
layer),  as  a  first  approximation,  its  band  structure  may  be  considered  constant.  Thus,  as  d, 

0  corresponds  to  short-times  after  the  “delta-function”  photo-excitation  pulse,  so  to,  d,  -►  d**’ 
time-simulates  the  decay  of  the  photoexcited  carriers  in  the  long-time  limit. 

The  envelope  function  for  the  quasi-2n  exciton  (subject  to  the  potentials  of  Eqs.  (4)  and  (5)) 
may  then  be  determined  by  numerically  solving  Schrodinger's  equation,  with  the  appropriate 
Hamiltonian.  Assuming  that  the  total  solution  may  be  factored  into  separable  electron  and  hole 
solutions,  the  total  Hamiltonian  thus  becomes^'* 

•xr  =  (6) 

where  the  corresponding  wavefunction  must  be  a  product  of  electron  and  hole  envelope  wave- 
functions 


where  and  Rj^  are  the  relative  and  center-of-mass  exciton  coordinates,  respectively,  projected 
onto  the  x-y  plane  (plane  of  the  interface).  Correspondingly,  Kj^  is  the  wavevector  of  the  re¬ 
sultant  quasi-2D  exciton.  aj^  is  its  Bohr  radius,  and  CD*  and  <I)h,  are  the  separate  electron  and 
hole  envelope  wavefunctions  (assumed  normalized).  The  wavefunction  of  the  confined  particle, 
the  hole,  may  then  be  readily  found  from 

.*"h®h(Zh)  -  (8) 


where 


d7l 


(9) 


and  Eqs.  (8)  and  (9)  may  be  straight-forwardly  solved  numerically  for  <I>h(Zi,)  and  Ej,.  In  this 
view,  the  “mean  position”  for  the  hole  along  the  direction  perpendicular  to  the  heterointerface 
may  then  be  defined  as 

ZK./tC®,f7)]’d7.  (10) 


The  corresponding  quantum-mechanical  solution  for  the  “free”  particle,  the  electron,  is  corre¬ 
spondingly  found  from 
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accounts  Tor  the  static.  Coulomb  interaction  between  electrons  and  holes.  Direct  influences  of 
the  sharply  changing  (and  time-dependent)  electric  fields  at  the  hcterointerfaces  are  thus  in¬ 
cluded  in  the  calculation  solely  through  the  “hand-bending”  described  by  and  (In 

contrast  to  the  p-n-p  structures  stu'^ied  in  our  experiments,  corresponding  n-n-n  or  n-p-n 
structures,  may  be  solved  by  reversing  the  role  of  electrons  and  holes  in  the  above  model.) 

For  both  particles,  the  ground-state  envelope  wavefunctions  are  the  final  bound-state  sol¬ 
utions  sought,  and  aj^  may  then  be  systematically  varied  to  minimize  the  total  energy;  and  be¬ 
cause  these  are  one-dimensional  attractive  potentials,  there  must  therefore  be  at  least  one 
bound-state  for  both  the  electron  and  hole.  By  comparing  these  resultant  bound-state  energies 
with  kT,  we  may  then  subsequently  determine  whether  or  not  excitons  may  form.  Since  all  of 
our  time-decay  measurements  were  performed  at  1.8  K,  where  kT  ~  0.15  meV,  w'e  may  assume 
the  electron  and  hole  excited-states  may  therefore  be  safely  neglected.  (In  this  context,  we  find 
that  the  energy  spacing  of  the  first  excited-state  of  the  hole  confined  in  the  heterointerface  po¬ 
tential  notch  is  ~  3  meV  for  dj-^d^,  and  the  corresponding  spacing  for  the  electron  is  ~  0.6 
meV.)  Perhaps  significantly  (or  fortuitously)  our  experiments  show  no  evidence  of  such  excited 
states  in  the  PL  spectra;  indeed,  for  the  calculation,  these  additional  states  only  become  impor¬ 
tant  for  d, -‘0  and/or  for  samples  with  wide  GaAs  layers.  We  have  also  made  the  simplification 
that  the  Coulomb-potential-energy  between  electrons  and  holes,  which  is  responsible  for  bind¬ 
ing  them  together  to  form  the  quasi-2D  exciton.  is  much  smaller  than  the  hole  confinement 
energy  in  the  heterointerface  notch  —  this  then  limits  the  validity  of  our  model  to  the  parameter 
space  ofd,  >  1. 

Figures  10(a)  and  ftt(b)  show  our  calculated  results  for  screening  lengths,  d,,  from  0.5  to  12 
and  0.5  to  9,  respectively.  Figure  10(a).  with  d,  =  d^*’  12.  corresponds  to  the  case  of  no  pho¬ 

toexcitation  —  or  equivalently  t  —  oo  —  in  which  the  conduction  and  valence  band  potentials 
were  taken  from  the  self-consistcnt  solutions  ofPoisson  s  equation  in  Fig.  9.  The  time-depen¬ 
dent  H-band  dynamics  are,  therefore,  modeled  here  by  parameterizing  d,  .such  that  increasing 


time  after  pulsed  excitation  corresponds  to  increasing  d,.  In  this  connection,  there  are  several 
important  points  to  note  in  the  figures;  (I)  For  small  d,  (short-times)  the  hand-hending  is  in¬ 
deed  quite  small,  and  the  photoexcited  electrons  and  holes  appear  uniformly  distributed 
throughout  the  GaAs  layer;  this  situation  corresponds  to  “bulk”  excitation,  with  accompanying 
fast  diffusion  of  carriers  throughout  me  GaAs  layer  yielding  an  effectively  (instantaneous)  ho¬ 
mogeneous  carrier  distribution.  (2)  As  d,  increases  (increasing  time)  the  band-bending  at  the 
heterointerfaces  increases,  thus  forming  heterointerfacial  potential  notches  which  rapidly  con¬ 
fine  the  mobile  holes.  (3)  The  additional  Coulomb  interaction  between  electrons  and  holes 
causes  the  distribution  of  electrons  to  follow  that  of  the  holes  —  thereby,  early-on  moving  the 
photoexcited  electrons  also  toward  the  heterointerfaccs.  (4)  As  d|  increases  further,  the  con¬ 
duction  band-bending,  resulting  from  the  high-field  at  the  heterointerface,  next  forces  the  elec¬ 
trons  back  toward  the  center  of  the  GaAs  layers  —  and  away  from  the  holes,  which  become 
increasingly  quantum-confined  near  the  hetcrointerface.  (5)  Finally,  the  electrons  and  holes 
reach  their  maximum  separation,  corresponding  to  one-half  of  the  total  GaAs-layer  thickness. 
a  long-time  result  occurring  for  d,  <  d***.  The  relatively  striking  differences  between  results  in 
Figs.  10(a)  and  10(b)  should  be  especially  noted  here,  namely  that  the  carriers  appear  to  reach 
their  maximum  separation  both  for  smaller  values  of  d,  and  for  thinner  GaAs  layers.  I  hese 
analytical  results  therefore  display  at  least  the  “qualitative”  time-evolutional  dependences  of 
H-band  dynamics  abundantly  clear  in  our  experiment  versus  GaAs  thickness.  For  more  realistic 
comparison.  Figs.  1 1(a)  and  1 1(b)  show  the  same  calculated  electron  and  hole  envelope-wave- 
functions  ns  in  Figs.  in(a)  and  10(b).  but  with  the  electron  and  hole  envelope-wavefunctions 
properly  scaled  to  reflect  proper  charge  conservation. 

Importantly  for  direct  comparison  with  data,  the  ll-band-emission  transition  energy  and 
quasi-2D  cxciton  binding  energy  may  also  be  readily  calculated  from  the  approach  in  Figs.  10. 
with  results  shown  in  Fig.  12  (the  transition  energy  is  measured  from  the  optical  band-gap.  at 
the  measurement  temperature).  Here,  the  transition  energy  is  equal  to  the  total  valence  band 


band-bending  minus  the  sum  of  electron  and  hole  confinement  energies,  E*  and  F,,  in  Figs. 
10(a)  and  10(b),  respectively.  Ep  is  calculated  from  solutions  for  the  ground-state  energy  with 
and  without  the  Coulomb  potential  in  l-q.  I^.  Our  model  calculation  thus  predicts  the  H-em- 
ission  energy  to  decrease  linearly  with  increasing  d,  (or  “simulated”  time).  It  also  predicts  that 
the  maximum  PL-energy  shift  for  the  .5000- A  structure  will  be  ~  25  meV,  and  for  the  2000-A 
structure  about  20  meV.  Further,  we  find  the  quasi-2D  exciton  binding  energy.  Eg*^,  to  con¬ 
tinuously  vary  with  d,  (or  time),  and  to  always  be  less  than  the  experimental  3D-exciton  binding 
energy,  E^^  =  4.2  meV,^^'^^  approached  for  large  d,.  For  small  d,,  however.  E|^  approaches 
Eb°;  as  it  should,  but  as  d,  increases.  Er^  decreases  asymptotically  to  ~  0.4.5  meV.  Results  for 
the  2000-A-layer  thickness  are  similar,  although  here  Er*^  .saturates  near  1.0  meV,  instead. 

With  the  envelope  wavefunctions  for  both  electrons  and  holes  properly  deduced,  the  relative 
Il-band  transition  lifetime  may  then  be  readily  calculated.  Since  the  oscillator  strength  of  the 
tran.sition,  f.  is  directly  related  to  this  spatial  electron-hole  wavefunction  overlap  (which  com¬ 
poses  the  exciton.  Eq.  7)  —  thus,  implicitly  including  exciton  effects  —  as 

f  -  |<'t'hl'F,>|'  fn,  (14) 

and  the  lifetime  of  the  transition  is  related  to  the  oscillator  strength  as 

t"'  ~  f,  (15) 

then  the  relative  change  in  oscillator  strength,  and  hence  lifetime,  may  be  straight-forwardly 
deduced.  (Here,  fn  represents  the  transition  oscillator  strength  when  the  envelope  wavefunctions 
of  the  carriers  are  perfectly  overlapped  as  bulk.  3D-cxciton.)  Figure  1.1  shows  the  calculated 
results  for  the  2000-A  structure,  compared  directly  against  the  corresponding  experimental  re¬ 
sults  of  Fig.  7,  with  agreement  being  quite  good.  Theoretieal  bandstructure  for  4  different 
transition  energies  (taken  from  Figures  10  and  1 1)  are  also  shown  in  relation  to  the  relative  os¬ 
cillator  strength  calculated.  Thus,  our  simple  (time-simulated)  physical  model  appears  to  accu¬ 
rately  and  quantitatively  predict,  the  saturation-behavior  found  experimentally  in  our  thin 


structures;  correspondingly,  calculation  for  a  thicker  structure  does  not  result  in  saturation  (Fig. 
14),  again  in  agreement  with  our  experiments.  The  discrepancy  found  between  the  measured 
lifetimes  and  the  calculated  oscillator  strengths  for  the  .^000-A  structure  of  Fig.  14  is  undoubt¬ 
edly  a  result  of  a  variety  of  simplifying  factors  in  our  model,  especially  neglection  of  both  elec¬ 
tron  and  hole  excited-states. 

An  important  result  also  coming  directly  from  our  calculation  shows  our  observed  life- 
time-saturation,  occurring  at  higher  energies  for  thinner  struetures,  must  arise  from  the  finite 
size  of  the  GaAs  layer  —  or,  equivalently,  to  the  effects  of  the  “companion”  hcterointcrface. 
Thus,  the  quantum-confined  electrons  and  holes  reach  their  maximum  separation,  equal  to  half 
of  the  GaA.s-layer  thickness,  at  progressively  smaller  v.Tiues  of  d,  —  thus,  higher  energies  —  as 
the  GaAs-Iayer  thickness  decreases.  This  result  is  therefore  equivalent  to  the  2D-excitons  being 
effectively  “shared"  by  both  heterointerfaces,  hence  causing  the  spatial  wavefunction  overlap 
to  become  approximately  constant,  hence  yielding  our  observed  lifetime  saturation. ~  Fur¬ 
ther,  the  calculation  shows  that  the  transition  is  “indirect”  in  real-space  (recombination  of 
quasi>2D  excitons  w'ith  a  continuous  di.stribuiion  of  radii),  which  explains  our  observed  long, 
nonexponential  H-band  time-decays. 

Yuan  et  al.  have  reported  the  H-hand  has  a  recombination  lifetime  of  ~  1.3  ns.  Nonethe¬ 
less,  their  actual  decay  kinetics  were  measured  at  only  a  single  emission  energy  (1.5079  eV,  8220 
A)  —  a  result  considerably  shorter  than  wc  find  (Fig.  7).  Also,  Zhao  et  31.'“  report  1 1-band 
lifetimes  in  a  GaA.s/Al,Ga,  _,.As  double  heterostructures  (with  a  ,500-A  Ga.As-layer  thickness) 
in  which  observed  lifetimes  increase  with  decreasing  emission  energv  —  but  again  lifetimes  at 
any  given  energy  are  significantly  shorter  than  those  reported  here  (by  a  factor  of  500  at  the 
lowest  emission  energies).  Further,  these  authors'**  also  reported  exponential  intensity  decays 
for  H-band  emission,  a  result  which  is  difficult  to  reconcile  with  models  ba.sed  on  of  the  re¬ 
combination  of  a  quasi-2D  exciton  with  a  continuous  distribution  of  radii,  or  on  a  2D-carricr 
recombining  with  a  free  3D-carrier.  An  additional  significant  fact  to  note  is  that,  in  our  expe- 
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rience,  samples  of  poorer  interfacial  quality  (a<  determined  by  the  interface  recombination  vc- 
locity)^°  ~  yield  shorter  lifetimes  than  we  quote  in  Fig.  7,  as  demonstrated  in  Fig.  8,  while 
neither  of  these  previous  studies*'*'*  included  any  form  of  interface  characten>ation.  The  results 
of  these  two  previous  studies  might,  therefore,  may  have  been  adversely  affected  (or  inadvert¬ 
ently  dominated)  by  nonradiative  intcrfacial  recombination.  Further,  the  saturation  in  lifetime 
we  find  and  explain  as  being  associated  with  a  small  (or  finite)  GaAs-layer  thickness  proves 
additionally  that  these  earlier  studies,  basically  confined  to  narrow  structures,  must  not  have 
been  reflecting  true  H-band  “intrinsic“  dynamics. 

5.  DISCUSSION. 

Because  of  the  obvious  complexity  of  the  Il-band  dynamics  reported  both  here,  and  in  the 
literature,  it  is  difficult  to  make  any  universal  conclusions  concerning  the  exact  physical  mech¬ 
anism  responsible  for  this  emission,  in  all  structures.  It  may.  therefore,  be  possible  that  different 
heterostructures  may  yield  nearly  identical  emission,  but  as  a  result  of  entirely  difTerent  physical 
mechanisms.  This  may.  in  fact,  be  part  of  the  observed  structural  dependences  reported  thus 
far:  In  particular,  heavily  doped  structures,  or  single  heterostructures.  may  yield  fl-band  emis- 
sion  through  the  model  originally  proposed  by  Yuan  et  al.  (2D-carrier  recombining  with  a  free 
3D-carrier),  and  excitonic  effects,  as  we  emphasise  here,  may  not  be  present  due  to  the  elect¬ 
rostatic  screening  accompanying  heavy  doping  Indeed,  we  find  that  for  wide  structures,  Fr*^ 
-*  kT,  thus  thermally  ioni7ing  free  excitons  into  free  carriers.  In  addition,  there  are  certain  re- 
ports  of  slightiv  rlifTerent  H-band  behavior  from  that  originally  reported  by  Yuan  et  al..  An 
example  is  Zhao  et  al.  who  show  th^  H-band  to  persist  to  temperatures  >  30  K.  in  thrir 
heavily  doped,  single-sided  heterostructures;  this  may  be  further  prci  f  of  the  above-noted  issues. 
In  any  case,  we  find  from  our  current  perspective  that  nearly  all  reported  results  refute  the  II- 
band  emission  as  arising  from  impurities  or  defects. 

The  experimental  results  presented  here  regarding  the  Il-band,  aiu’  the  excellent  agreement 
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between  these  data  and  our  calculation,  prove  conclusively  this  emission  in  our  structures  to 
be  of  “intrinsic”  origin  and  not  impurity-induced.  The  dominance  of  free-exritons  in  both  the 
PI-  and  PI-E  spectra  shows  the  high-purity  of  our  samples,  and  is  circumstantial  proof  of  the 
importance  of  excitonic  effects  in  any  emission  process  at  low  temperatures.  Taken  together, 
all  of  our  results  can  only  lead  to  a  quantum-mechanical,  2D-excitonic  description  for  the  H- 
band,  in  our  samp'rs. 

Thus,  in  summary,  we  may  put  forth  as  fact  the  following  experimental  observations  for  our 
samples:^^ ~ (I)  H-band  emis.sion  weakens  with  increasing  temperature  and  is  not  detectable 
in  any  PL  above  15  K,  whereas  the  PL  hands  associated  with  both  donors  and  acceptors, 
(D°,X),  (DAP),  (BAc),  etc.,  persist  to  higher  temperatures.  (2)  Time-resolved  PL  spectra  reveal 
11-band  emission  to  be  spectrally  dynamic.  T')  Lifetimes  measured  at  various  emission  energies 
show  that  the  precise  physical  structure  of  the  double  heterostructures  (in  particular,  the 
GaAs-layer  thickness)  drastically  influences  emission  dynamics.  (4)  Extrapolation  of  these  life¬ 
times  to  higher  energies  is  in  good  agreement  with  the  expected  1.8-K  GaAs  band-edge  of  1.5194 
gY  42.56  corresponding  excitonic  lifetime  of  <  I  ns.®°  As  for  our  model  calculations,  the 

following  may  also  be  observed:^^  ~  (1)  11-band  activation  energies  are  indeed  quite  small  (< 

1  meV).  Transition  energies  extend  to  2*'  meV  below  the  bandgap,  and  are  dependent  on 
sample  structure.  (3)  Oscillator  strengths  increase  for  decreasing  emission  energies,  with  satu¬ 
ration  evident  in  thin  structures.  Thus,  wc  may  again  emphasize  that  our  combined  experiment 
and  theory  are  all  entirely  consistent  with  this  emission  as  being  intrinsic,  and  not  impurity- 
induced.^^  ~ 

The  temperature  dependence  n'"  fhe  ll-band  PL  and  the  derived  activation  energy  (Fig.  4) 
are  in  good  agreement  with  the  binding  energy  of  our  quasi-2D  exciton.  as  calculated  from  our 
physical  model.  E^^,  as  calculated  from  the  model,  and  .shown  in  Fig.  12,  is  a  smoothly  varying 
function  of  d,  —  and  hence,  time,  with  early  times  (or  small  d,)  leading  to  almost  insignificantly 
small  band-bending  at  the  heterointerface.  Next,  with  carrier  decay  the  screening  of  the  heter- 


I 

oinicrface  field  is  reduced  and  the  potential  notch  in  the  valence  band  at  the  heterointerface 
I  begins  to  form.  Holes  quantum-confined  in  this  notch  then  electrostatically  attract  electrons 

toward  the  interfaces  through  the  Coulomb  interaction,  and  the  resulting  quantum-confined 
exciton  acquires  two-dimensional  character,  with  a  binding  energy  approaching  4  meV  —  rhe 
I  bulk  free-exciton  binding  energy.  As  time  (or  d,)  increa.ses  still  further,  the  separation  between 

carriers  (as  calculated  from  the  mean  position  of  the  electrons  and  holes  as  in  Eq.  (10))  begins 
to  increase,  until  it  reaches  maximum  separation  equal  to  precisely  half  the  GaAs-laycr  width. 
I  Thus,  as  the  exciton  evolves  from  a  3D  entity  into  a  quasi-2D  quantum  mechanically  interfa- 

cially-bound  exciton,  the  wavefunction  changes  from  spherical  to  ellipsoidal,  with  a  concom¬ 
itant  increasing  of  the  effective  “radius”  of  the  qua.si-2D  exciton.  The  binding  energy, 

I  decreases  as  a  result  of  the  inverse  relation  between  the  binding  energy  of  the  exciton  and  its 

“radius.”  as  displayed  in  Fig.  12,  and  indeed  saturates  at  <  1.0  meV,  resulting  from  the  satu¬ 
ration  in  carrier  separation. 

^  An  additional  fact  to  be  noted  is  that  Il-band  emission  occurs  at  energies  just  below  the 

band-gap,  and  extends  up  to  2.5  meV^^"^'*  below  the  GaAs  band-gap  (1.5194  eV).**^’**  Our 
model  predicts,  to  first  order,  the  same  maximum  energy  shift  of  the  PI,  (Fig.  12),  and  a  direct 
^  propr'rtionality  between  the  transition  energv  •■’nd  the  .screening  length,  d,.  This  PI,  transition 

energy  is  determined  virtually  entirely  by  the  hole-confinement  energy,  and  is  almost  insignif¬ 
icantly  afTected  by  the  excitonic  binding  enerev  (<  1  0  meV).  Our  calculation  also  predicts 
p  maximum  PI,  energy  shifts  to  be  dependent  on  the  GaAs-layer  thickness;  hence,  thinner  struc¬ 

tures  should  have  a  smaller  maximum  energy  shift.  However,  since  the  experimentally  deter¬ 
mined  Il-band  position  at  the  maximum  energv  shift  lies  close  to  the  band-to-acceptor  PL,  such 
^  subtle  differences  are  beyond  our  ability  to  spectroscopically  resolve. 

The  energy  at  which  saturation  in  the  lifetime  occurs  (as  di.scussed  in  relation  to  Fig.  7)  is 
also  predicted  by  our  model.  This  energy  may  be  deduced  by  finding  the  screening  length  at 
®  which  the  carriers  reach  their  maximum  separation,  and  by  then  recalculating  the  transition 
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energy  for  this  screening  length.  As  a  case  in  point,  for  the  double  heterostructure  with  a 
0.5-^m  GaAs-layer  thickness,  the  carriers  should  reach  a  maximum  separation  for  d|=:8.  The 
corresponding  calculated  transition  energy  is  then  n-r=20meV  (1.499  eV).  which  is  in  surpris¬ 
ingly  good  agreement  with  the  data  of  Fig.  7.  For  thicker  structures  the  corresponding  emission 
energies  at  which  saturation  occurs  a.e  even  lower,  whereas,  for  thinner  .structures  the  carriers 
reach  maximum  separation  for  smaller  values  of  d,,  and  thus  higher  energies.  This  is  again 
confirmed  in  the  data  in  Fig.  7,  which  clearly  show  that  the  lifetime  saturation  for  the  0. l-/im 
double  heterostructure  occurs  at  a  higher  emission  energy  than  for  the  corresponding  0.2-/im 
structure,  just  as  theoretically  expected. 

Further,  we  find  from  calculation  that  without  excitonic  electron-hole  Coulomb  interaction, 
the  relative  change  in  lifetime  which  may  be  predicted  over  the  H-eniission  band  is  entirely  in¬ 
sufficient  to  account  for  our  data.  For  example,  in  our  p-n-p  structures  the  electron  wave- 
function  would,  at  all  simulated  times  (all  d,),  be  centered  in  the  n-type  GaAs  layer.  The 
electron  wavefunction  therefore  never  becomes  attracted  toward  the  heterointerface  and  the 
holes  residing  there.  This  non-physical  situation  would  necessarily  re,sult  in  exceedingly  long 
radiative  lifetimes  (fully  spatially  indirect  free  carriers),  a  finding  inconsistent  with  our  observa¬ 
tions. 

Given  our  above  intrinsic  excitonic  description  of  ll-band  processes,  further  details  of  dy¬ 
namics  may  be  elaborated  and  speculated  upon.  For  example,  extrapolation  of  measured  life¬ 
times  to  higher  energies  (as  shown  in  Fig.  7.  and  discussed  above')  directly  signify  the  physical 
origins  of  the  Il-band.  in  that  Il-cmissinn  energies  nearest  the  band  gap  (and  at  earliest  times) 
result  from  conduction-  and  valence-band  potentials  which  must  he  flat,  due  to  the  electrostatic 
screening  from  the  large  number  of  photoexcited  carriers.  Hence,  following  pulsed  excitation, 
carrier  evolution  eventually  contributing  to  ll-cmission  would  have  to  be  envisioned  as  follows: 
First,  electron-hole  pairs  photoexcited  within  the  Ga.As  layers  generates  free  carriers,  which  in 
turn  may  quickly  condense  into  bulk  .'lO-cxcitons.  Next,  these  excitons  and  free  carriers  may 


-  2^  - 


diffuse  and  drift  towards  the  high-field  regions  of  the  material  —  both  heterointerfaces  —  where 
the  very  presence  of  such  large  numbers  of  excitons  and  free  carriers  would  reduce  the  interfacial 
band-bending.  However,  as  these  ver\  excitons  migrate  toward  the  interfaces,  the  field  they 
experience  there  may  become  sufficient  to  rcionj7e  them  into  free  carriers,  ffence,  large  num¬ 
bers  of  free  electrons  and  holes  drawn  to  the  hetcrointerfaces  further  add  to  (or  prolong)  the 
“flat-banding.”  Next,  these  carriers  would  be  expected  to  radiatively  recombine,  near  the  band- 
gap  energy,  with  a  lifetime  determined  by  the  high  electron-hole  gas  density.  Then,  as  the  car¬ 
rier  concentrations  diminish  due  to  recombination,  band-bending  at  the  heterointerfaces 
becomes  increasingly  restored  which  would  then  serve  to  quantum-confine  the  holes  in  the 
hetcrointerface  potential,  and  ultimately  form  the  quasi-2D  excitons.  .At  this  point  the  field  at 
the  interface,  and  the  subsequent  band-bending,  mav  be  considered  sufficiently  reduced  that 
these  quasi-2D  excitons  may  appear  “i^D-like.”  but  nonetheless  weakly  confined;  this  explains 
why  our  quasi-2D  exciton  binding  energy  approaches  that  of  a  3D-exciton  for  small  d,. 
(However,  for  d,=sO,  an  exciton  picture  breaks  down  and  is  inappropriate  near  the  heterointer¬ 
faces.)  Finally,  at  longest  times  these  quasi-2D  excitons  would  be  expected  to  continue  to  re¬ 
combine.  all-the-while  increasing  (restoring)  the  band-bending,  and  with  these  excitons  become 
increasingly  more  oriented  perpendicular  to  the  interface  (polarized),  and  with  their  PI,  energy 
becoming  increasingly  smaller  until  the  remaining  photoexrited  carriers  had  all  dccaved.  (VVe 
should  note  here  that  our  small  calculated  binding  energies  of  these  quasi-2D  excitons  directly 
includes  these  electric-field  rhanprs,  through  their  influence  upon  the  conduction  and  valence 
band  potentials.)  Thus,  these  arguments  suggest  that  quantum  confinement,  together  with  the 
finite  GaAs-layer  thickness,  would  actually  eventually  prevent  the  2D  excitons  bound  at  the 
interfaces  from  being  ionized  by  the  still  relatively  strong  hcterointerfacial  fields. 

As  for  the  steadily  and  dramatically  increasing  H-hand  exciton  lifetimes  as  emission  energy 
decreases  (Figs.  7.  13.  and  14).  this  arises  naturally  in  our  picture  as  being  due  to  the  steadily 
increasing  (as  time  goes  on)  field-induced  charge  separation,  and  the  corresponding  decrease  in 
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electron-hole  overlap.  Thus,  the  field  is  intrinsic  to  the  heterojunction  region  of  the  structure, 
with  the  band-bending  resulting  from  this  field  causing  a  time-  and  energy-dependent  “red- 
shift”;  at  the  same  time,  this  band-bending  also  .serves  to  partially  confine  the  exciton.  thus 
imparting  to  it  2D-character.  We  might  thus  refer  to  tlie  mechanism  responsible  for  Il-band 
as  an  '  ^rinsic  Quantum-Confined  Stark  EfiTect.  Here,  unlike  in  traditional  quantum- 

well  experiments  under  applied  electric-field,  no  externally  applied  field  is  necessary  —  the  het¬ 
erojunction  instead  provides  it  all.  Similar  types  of  behavior  (PL  red-shift  and  increasing 
lifetimes  with  increasing  field)  in  quantum-wHI  systems  with  applied  fields  have  indeed  been 
observed  and  adequately  explained  by  such  mechanisms. 

6.  CONCLUSIONS. 

Previous  theoretical  work^'*  relating  to  the  Il-band  has  only  considered  the  effect  of  a  single 
heterointerface  on  a  quasi-2D  exciton.  The  complex  dynamics  of  quasi-2D-excitonic  motion, 
evolution,  and  recombination  have  not,  therefore,  been  considered  in  detail  previously.  As 
noted  above,  the  importance  of  the  companion  interface  in  double  heterostructures  cannot  be 
neglected,  or  even  underestimated,  in  exciton  recombination  kinetics.  Therefore,  a  complete 
study  of  the  dynamics  of  Il-band  PL,  as  unencumbered  by  complicating  effects,  can  only  be 
done  in  wide  structures.  This  conclusion  is  in  contrast  to  some  earlier  work  on  near-quan- 
turn-well  size  structures.  ‘  Further,  the  interfaces  must  be  of  demonstrably  high-quality,  as 
quantified  by,  for  example,  interface  recombination  velocity  studies,  as  at  least  one  species  of 
carrier  may  reside  at  the  interface  for  long  periods  of  time  —  as  long  as  tens  of /ts.  We  have 
made  measurements  of  the  recombination  dynamics  and  modeled  t'ne  carrier  dynamics  respon¬ 
sible  for  the  M-band  PL  in  ideal,  high-purity  structures.  Our  simple  theoretical  model  shows 
that  the  Coulomb  interaction  between  electrons  and  holes  (forming  excitons)  is  essential  to  ad¬ 
equately  describe  our  observed  Il-band  decay  dynamics  versus  emission  energy.  Our  combined 
results  thus  explain  the  detailed  dynamics  of  excitons  quantum-confined  at  a  single  Ga.As/ 
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AljjGa,  _xAs  heterointerface,  and  prove  these  dynamics  may  be  readily-  understood  with  a  sim¬ 
ple  quantum-confined,  2D-excitonic  description. 
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FIGURE  CAPTIONS 


Fig.  1.  I.ow-tempcrature  (1.8  K),  time-integrated  PL  spectra  of  a  typical  0.3-A/m  thick 
GaAs-layer  double  heterostruc»ure.  Frec-exciton.s  (F.X)  dominate.  PL-excitation  spec¬ 
tra  at  1.8  K  is  also  shown  for  detection  of  U-hand  emi.s.sion  at  the  peak  of  the  ll-band 
emission  (dashed  line). 

Fig.  2.  Low-temperature  (1.8  K),  time-integrated  PL  .spectra  for  1.0-/im,  0.3-/tm,  and 

0.2-Mm  GaAs-layer  thickne.s.ses.  Bottom  spectra  is  for  a  2.0-^m  thick  sample,  with  the 
top  Alo3Gao7As  layer  chemically  removed. 

Fig.  3.  Time-integrated  PL  spectra  versus  temperature.  Hatched  regions  repre.sent  the  1 1-band 
emission. 

Fig.  4.  Arrhenius  plot  of  spectrally  integrated  ll-band  PL,  taken  from  the  time-integrated 
spectra  of  Fig.  2.  The  solid  line  represents  thr  best  least-squares  fit  to  the  data,  with  an 
activation  energy  of  ~  0.7.5  meV. 

Fig.  5.  Time-resolved  PL  spectra  of  a  double  heterostructure  with  a  0.2-Mm  GaAs-layer  thick¬ 
ness.  taken  at  1.8  K.  Each  successive  spectra  (from  top  to  bottom)  are  at  220-ns  time 
intervals  following  the  excitation  pulse  (spectral  resolution  is  =s  2.0  A). 

Fig.  6.  Photolumine.scence-decay  kinetics  at  1.8  K,  versus  emission  energy  for  (a)  2.0-^m  and 
(b)  0.2-//m  .structures.  Fits  (solid  lines)  were  obtained  using  Eq.  (I). 

Fig.  7.  Measured  time-decay  lifetimes  at  different  energies  across  the  ll-band.  Data  for  all 
structure':  were  taken  under  identical  conditions,  and  the  lifetimes  obt.ained  using  Eq.  (D. 
are  those  shown  in  Fig. 

Fig.  8.  (a)  1.8  K  photolumine.scenec  spectra  of  two  comparable  0.5-;im  double  hetrrostructures. 
(b)  Measured  time-decay  lifetimes  at  different  energies  across  the  H-band  for  the  same 
0.5-^im  double  heterostructurc:.  Surface  recombination  velocities.  S,  were  determined  for 
both  samples  from  300- K  band-to-band  recombination  lifetime  measurements. 
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Fig.  9.  Re.sult.s  of  our  model,  numerical  calculation  for  the  “static  limit."  C onduction-  and  va¬ 
lence-band  potentials  for  the  GaAs  layer  were  obtained  from  self-con.^istent  solution  of 
Poi.^son'.s  equation;  carrier-envelope  wavefunction.s  were  obtained  from  solutions  of 
Schrfldinger's  equation,  a.s  described  in  the  text.  Fy  is  the  tran.sition  energy  referenced  to 
the  band  edge,  and  Eg  is  the-cxciton  binding  energy.  (Note:  energy  scales  are  correct, 
with  the  energy-gap  between  conduction  and  valence  bands  having,  for  convenient  illus¬ 
tration,  been  reduced.) 

Fig.  10(a).  Model  calculation  results  for  a  structure  with  a  O.S-fun  GaAs-layer  thickness.  Only 
the  GaAs  band  structure  is  shown  (solid).  Dotted  lines  and  hatched  areas  represent 
hole-envelope  wavefunctions,  while  dashed  lines  and  shaded  areas  represent  electron-en¬ 
velope  wavefunctions.  Er  is  the  2D  cxciton  binding  energy,  E^  and  Ej,  arc  the  electron 
and  hole  confinement  energies,  respectively,  and  f  is  the  electron-hole  wavefunction 
overlap  integral.  (Note;  the  energy  scales  are  correct,  with  the  energy-gap  between  con¬ 
duction  and  valence  bands  having,  for  convenient  illustration,  been  reduced). 

Fig.  10(b).  Model  calculation  results  for  a  structure  with  a  0.2-Mtn  GaAs-layer  thickness.  Only 
the  GaAs  band  structure  is  shown  (solid).  Dotted  lines  and  hatched  areas  represent 
hole-envelope  wavefunctions.  while  dashed  lines  and  shaded  areas  represent  electron-en¬ 
velope  wavefunctions.  F.^  is  the  2D  cxciton  binding  energy,  Eg  and  Ef,  are  rhe  electron 
and  hole  confinement  energies,  respectively,  and  f  is  the  electron-hole  wavefunction 
overlap  integral.  (Note:  the  energy  sc.alcs  are  correct,  with  the  energy-gap  between  con- 
ducrion  and  v.nlcnce  bands  having,  for  convenient  illustnrion,  been  reduced). 

Fig.  11(a).  Model  calculation  results  from  Fig.  9(a)  for  a  structure  with  a  Ga.^s-layer 

thickne.ss.  with  wavefunctions  scaled  to  show  “charge  conservation."  Only  the  GaAs 
band  structure  is  shown  (solid).  Dotted  lines  and  hatched  areas  represent  hole-envelope 
wavefunctions,  while  dashed  lines  and  shaded  areas  repre.sent  electron-envelope  wave- 
functions.  (Note:  the  energy  scales  arc  correct,  with  the  energy-gap  between  conduction 


and  valence  hands  having,  for  convenient  illustration,  been  reduced). 

Fig.  11(b).  Model  calculation  results  from  Fig.  9(b)  for  a  structure  with  a  0.2';im  GaAs-layer 
thickness,  with  wavefunctions  .scaled  to  show  “charge  con.servation.”  Only  the  GaAs 
band  structure  is  shown  (solid).  Dotted  lines  and  hatched  areas  represent  hole-envelope 
wavefunctions,  while  dashed  lines  and  shaded  areas  represent  electron-envelope  wave- 
functions.  (Note;  the  energy  .scales  arc  correct,  with  the  energy-gap  between  conduction 
and  valence  bands  having,  for  convenient  illustration,  been  reduced). 

Fig.  12.  PL  transition  energy  (E-r)  and  binding  energy  of  the  quasi-2D  exciton  (Er)  as  obtained 
from  model  calculation,  with  transition  energies  being  referenced  to  the  optical  band-gap 
(1.5194  eV).  (a)  Results  for  0..5-^im  structure,  and  (b)  results  for  0.2-/xm  structure. 

Fig.  13.  Comparison  of  results  between  model  calculation  and  experimental  results  fora  double^ 
hcterostructure  with  a  0.2-jt/m  GaAs-layer  thickness.  Solid  symbols  reprc.sent  the  model 
calculation,  while  open  symbols  represent  experiment.  Theoretical  bandstructure  for  se¬ 
veral  transition  energies  are  shown  in  surrounding  figures. 

Fig.  14.  Comparison  of  model  calculation  results  for  the  0.5-Mm  and  0.2-Atm  structures,  with 
inverse  o.scillator  strength  of  the  optical  transition  being  proportional  to  the  square  of  the 
envelope  overlap  integrals. 
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We  have  measured  directly  the  transport  of  excitons  in  a  type-II  short-period  GaAs/AlAs 
superlattice.  We  find  the  transport  is  laser-power  dependent,  and,  at  low  powers  or  long  times, 
is  diffusive.  At  low  powers,  we  find  diffusion  constants  which  increase  monotonically  from 
2x  10“^  cmVs  at  1.8  K  to  ~7.0  cmVs  at  30  K.  Our  results  confirm  the  existence  of  exciton 
localization  and  thermally  activated  hopping.  Implications  of  these  results  are  discussed. 


I.  INTRODUCTION 

Quantum  confinement  of  free  carriers  in  nanostructured 
semiconductors  was  first  demonstrated  in  a 
GaAs/AJ^Gai_jjAs  qirantum  well  structure  in  1975.'  This 
materials  system  is  ideal  for  engineering  quantum-confined 
structures  because  the  conduction  and  valence  band  offsets 
are  68%  and  32%  of  the  band  gap  difference,  thus  provid¬ 
ing  sufficient  barriers  for  quantum  confinement  in  both 
conduction  and  valence  bands  for  electrons  and  holes, 
respectively.*  Here,  carriers  are  confined  in  the  smaller-gap 
GaAs  layer,  and  are  two  dimensional  as  a  result  of  the 
removal  of  a  single  degree  of  freedom.  After  this  landmark 
demonstration  of  quantum  confinement  in  an  artificially 
grown  semiconductor  epilayer,  more  complex,  structures 
were  developed.  For  example,  periodic  quantum  wells  with 
Al_,Ga,_^s  layers  sufficiently  thin  to  tillow  wave  function 
mixing  between  different  wells  were  produced  in  1976,^ 
thereby  realizing  Esaki  et  aL  ’s'*  proposed  structure  called 
the  superlattice.  This  wave  function  interaction  through 
the  Al,Gai__pAs  barrier  layers  leads  to  extended  states 
called  minibands.  More  recently,  even  more  complex  struc¬ 
tures  have  been  engineered  to  yield  exotic  electronic  and 
optical  properties.  For  very  short-period,  periodic  multiple 
quantum  well  structures,  quantum  confinement  may  com¬ 
plicate  the  electronic  structure  even  further  by  raising  both 
the  GaAs  F  and  the  AljGai_^s  X  conduction-band 
edges.  With  careful  choice  of  both  Ga-As  and  Al^Ga,_;^s 
layer  thicknesses  (as  well  as  Al  composition)  a  type-II 
band  alignment  may  result,  wherein  the  lowest  energy 
states  for  electrons  and  holes  occur  in  spatially  different 
layers  of  the  structure."  This  spatial  separation  of  electrons 
and  holes  is  panially  responsible  for  the  dramatically  dif¬ 
ferent  optical  and  electronic  properties  in  these  structures 
compared  to  the  quantum  wells  and  superlattices  men¬ 
tioned  above,  i.e.,  type- 1  systems.  For  a  (GaAs),„/(AlAs)„ 
structure,  a  type-II,  staggered,  band  alignment  may  occur 
for  GaAs-layer  thicknesses  <35  A  (m<13)  and  AlAs- 
layer  thicknesses  >  15  A  (n  >  6).*’  Excitons  in  these  type-II 


systems  are  thus  indirect  in  real  space  and  in  momentum 
space,  since  the  GaAs  layer  is  direct  (F  edge),  whereas  the 
AIAs  layer  is  indirect  {X  edge). 

It  is  generally  agreed  that  the  lowest  hole  state  remains 
in  the  GaAs  layer  for  such  type-II  systems,  whereas,  in 
contrast,  there  is  considerable  confusion  and  disagreement 
about  the  exact  nature  of  the  lowest  electronic  state. 

This  confusion  arises  from  the  threefold  degenerate 
.T-electron  states  in  the  AIAs  layers.  This  degeneracy  may 
be  removed  by  several  effects,  including:  the  anisotropic 
^-electron  mass  {mg{Xz)  =  l\  and  rrtfiXx.y) 

=0.19  mg],  strain-induced  splitting  of  X^  and  F —X 
mixing  due  to  the  superlattice  potential,  and  localization 
effects,  etc.’*'^  The  magnitudes  of  some  of  these  perturba¬ 
tions  may  be  sample  and/or  structure  dependent,  and  have 
been  modeled  by  a  variety  of  methods,  including:  Kronig- 
Penncy,  envelope-function  calculations,  tight-binding,  and 
local-density  calculations. ‘^*‘  As  a  result,  the  magnitude 
of  each  of  these  effects,  and  their  effect  on  the  optical  and 
electronic  properties  is  unresolved. 

We  report  here  the  first  observation  of  lateral  excitonic 
transport  in  type-II  ( GaAs )„,/( AIAs),  short-period 
superlattices.  We  have  used  an  all-optical,  time-resolved 
photoluminescence  (PL)  imaging  technique  to  measure 
exciton  transport  in  a  type-II  semiconductor  nanostruc¬ 
ture.  This  technique,  in  contrast  to  the  more  prevalent 
electrical  techniques,  is  capable  of  measuring  neutral- 
particle  (i.e.,  exciton)  transport.  *'*•■''  The  goal  of  this  study 
is  to  increase  our  understanding  of  the  excitonic  states  and 
electronic  structure  in  type-II  structures,  as  well  as  to  elu¬ 
cidate  the  importance  of  interfacial  effects.  Specifically, 
there  has  been  much  speculation  concerning  the  effects  of 
excitonic  localization  by  interface  disorder  (as  inferred  in¬ 
directly  from  PL  time  decay  measurements),  and  we  show 
here,  directly,  that  this  hypothesized  localization  does  in¬ 
deed  exist,  and  is  most  probably  due  to  heterointerface 
roughness.  Further,  we  observe  dramatic  thermal  detrap- 
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ping  of  these  weakly  localized  excitons,  and  extract  a  lo¬ 
calization  energy  from  our  measurements. 

II.  SAMPLES  AND  EXPERIMENT 

Our  sample  was  a  molecular-beam  epitaxy  (MBE)- 
prepared,  GaAs(30  A)/AlAs(50  A)  superlattice  with  55 
periods.  Each  GaAs  layer  was  30  A  thick,  whereas  AlAs 
barrier  layers  were  50  A  thick.  Although  the  nature  of  the 
ground  electronic  state  {Xx,r  of  ^  structure  is 
disputed  somewhat,  the  prevailmg  opinion  in  the  literature 
is  that  is  the  lowest  electronic  state  in  this  ^cture.^ 

We  have  measured  time  and  spatially  resolved  PL  pro¬ 
files  of  the  carriers  generated  by  pulsed  laser  excitation 
using  an  all-optical  analog  of  the  classical  Haynes- 
Shockley  experiment.  PL  was  excited  by  a  synchro¬ 
nously  pumped  cavity-dumped  dye  laser  [using 
Rhodamine  6G(R6G)  laser  dye]  at  ~6100  A,  which  was 
pumped  by  a  frequency-doubled  continuous-wave  (cw) 
mode-locked  Nd^'*':YAG  laser.  Using  this  experimental 
setup,  under  optimal  optical  alignment,  laser  spot  sizes  of 
—  3-4  /im  and  PL  images  extending  up  to  600  ^m  are 
readily  obtainable.  This  laser  generated  PL  is  then  imaged 
with  a  lens  system  in  a  confocal  manner  onto  the  entrance 
slits  of  a  triple-grating  spectrometer.  PL  is  detected,  after 
being  dispersed  by  the  spectrometer,  by  a  multialkali 
microchaimel-plate  detector.  Imaging  the  sample  (magni¬ 
fied  by  up  to  a  factor  of  40)  and  using  time-correlated 
single  photon  counting  results  in  a  total  system  response  of 
~  3  nm  spatially,  <1  cm " '  spectrally,  and  <  50  ps  tem¬ 
porally.  The  advantage  and  importance  of  this  technique 
lies  in  its  sensitivity  to  neutral-particle  (exciton)  transport, 
and  the  absence  of  required  sample  processing.  Also,  this 
technique  allows  the  determination  and  quantification  of 
the  details  of  the  possible  transpon  through  its  spectral 
sensitivity,  and,  hence,  ability  to  possibly  distinguish  the 
carrier  species  responsible  for  the  observed  transport. 

III.  RESULTS 

Figure  1  shows  cw  PL  spectra  for  our  sample  versus 
temperature,  after  excitation  with  the  4579  A  line  of  a  cw 
argon  laser.  The  excitonic  no- phonon  transition  is 

clearly  evident,  and  its  shape  is  almost  completely  indepen¬ 
dent  of  temperature.  We  find  that  the  cw  PL  spectra  only 
decreases  slightly  in  intensity  with  increasing  temperature, 
whereas  time-integrated  PL  spectra  after  pulsed  excitation 
decreases  by  more  than  three  orders  of  magnitude  from  2 
to  30  K.  Weaker  phonon  replicas  are  also  evident  at  all 
temperatures.  Importantly,  we  do  not  observe  the  promi¬ 
nent  Boltzmann  tail  evident  in.  for  example,  the  free- 
exciton  PL  of  high-purity  GaAs  samples,  which  is  indica¬ 
tive  of  thermalization."’  Also,  the  linewidth  of  the 
transition  varies  little,  from  —5.3  meV  at  1.8  K  to  —5.9 
meV  at  30  K  (note:  kT  at  30  K  is  —2.6  meV).  Figure  2 
shows  the  PL  time  decays  for  this  sample  versus  tempera¬ 
ture  after  excitation  with  the  pulsed  R6G  dye  laser  de¬ 
scribed  above.  (Time  decays  were  found  to  be  independent 
of  laser-power  density,  and  those  reported  here  are  for 
large  laser  spot  sizes - -3  mm — where  carrier  transport 


wavelength  (A) 

Fig.  1.  PL  spectra  vs  temperature  after  cw  excitation  at  4579  A.  Inset 
shows  the  cross-interface  transition  responsible  for  the  observed  emission. 

has  a  negligible  influence  on  the  observed  decay  kinetics. ) 
Here,  in  contrast  to  our  cw  PL  spectra,  there  is  a  dramatic, 
monotonic  variation  in  lifetime  versus  temperature,  from 
21.5  /iS  at  1.8  K  to  —15  ns  at  30  K.  Also,  the  decay 
kinetics  are  nonexponential  at  low  temperatures,  and  rap¬ 
idly  become  exponential  at  higher  tem-ieratures  (  >  22  K). 
(Lifetimes  were  derived  from  the  exponential  long-time 
tail  part  of  the  PL  decay  kinetics. )  These  results  are  con¬ 
sistent  with  PL  time  decays  reported  in  the  literature  for 
other  type-II  GaAs/ AlAs  short-period  superlattices.’’ 


Fig.  2.  PL  time  decays  vs  temperature  after  pulsed  excitation  at  6005  A. 
Lifetimes  were  derived  from  exponential  fits  to  the  long-time  tail  of  the 
decays. 
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Fig.  i.  Time-resolved  PL  imaging  results  at  14  K.  Solid  lines  represent 
Gaussian  fits  to  the  data,  with  the  FWHMs  shown. 


Figure  3  shows  the  results  of  our  time-resolved  PL- 
imaging  experiments  at  14  K.  The  solid  lines  represent 
Gaussian  fits  to  the  observed  line  shapes,  with  the  Ml 
width  at  half-maximum  [(FWHM)  — A]  taken  from  such 
fits,  also  shown  for  each  time  window.  These  data  show 
unmistakable  evidence  (a  monotonic  increase  in  A  versus 
time)  for  the  transpon  of  these  cross-interface  excitons 
laterally  along  the  heterointerface.  A  linear  dependence  of 
A‘  versus  time  is  possibly  indicative  of  diffusive  transport, 
and  this  is  indeed  observed.  Moreover,  the  diffusion  coef¬ 
ficient  may  be  calculated  from  the  slope  of  A^  versus  time. 
Additionally,  we  also  observe  a  laser-power  dependent  fea¬ 
ture,  which  is  also  more  prominent  at  low  temperatures, 
and  weaker  at  high  temperatures.  At  high  laser  powers  the 
FWHM  increases  very  rapidly  in  the  first  several  ns,  and 
then  saturates  to  its  final  slope  (approximately  equal  to 

that  observed  at  low  laser  powers - -40  pJ/pulse).  Figure 

4  shows  an  example  of  this  power-dep>endent  transport  at 
14  K.  We  believe  that  this  is  related  to  the  creation  of  an 
electron-hole  plasma,’®  with  its  corresponding  higher- 
energy  PL  emission  and  shon  PL  lifetime.  Nevertheless, 
our  main  results  are  specific  to  the  diffusion  of  type-II 
excitons  in  this  structure  since  all  measurements  reported 
in  Fig.  3  were  made  at  low  powers  in  an  effort  to  eliminate 
this  complicating  high  laser-power  effect. 

Our  low-power  transport  results  are  summarized  in  Fig. 
5.  Here,  the  diffusion  constant,  obtained  in  the  manner 
shown  above,  is  plotted  versus  temperature.  Diffusion  con¬ 
stants  range  from  — 2x10“'  cmVs  at  1.8  K  to  ~7.0 
cm  Vs  at  30  K — a  5x  10^  change  in  just  30  K.  Addition¬ 
ally,  PL  lifetimes  versus  temperature  are  shown  in  this 
figu’-e.  Our  PL  lifetimes  also  show  a  three-order-of- 
magnitude  change  over  the  same  temperature  range.  Im¬ 
portantly,  we  find  that  lifetimes  decrease  while  diffusivities 
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Fig.  4.  v$  time  at  14  IC  for  two  different  laser  powers  (average  powers 
shown  and  the  repetition  rate  is  20  kHz)  showing  the  effect  laser  power 
has  on  the  early  transport,  was  obtained  from  the  Gaussian  fits  as  in 
Fig.  3. 

increase  with  temperature,  suggestive  of  a  connection  be¬ 
tween  these  experimental  observations.  Indeed,  the  diffu¬ 
sion  length  ( Lj=  obtained  from  our  transport  and 

decay  kinetics,  is  constant  versus  temperature  (£j~3/iim). 

IV.  DISCUSSION 

Studies  of  type-II  excitonic  recombination  in  GaAs/ 
AlAs  short-period  superlattices  are  ubiquitous  in  the  liter¬ 
ature.  In  all  of  these  studies,’’'®"'^’^'  one  feature  is  partic¬ 
ularly  clear — lifetimes  decrease  with  increasing 
temperature,  although  the  shape  of  the  decay  kinetics  is 
not  uniformly  the  same  (i.e.,  exponential  versus  nonexpo¬ 
nential)  for  samples  grown  by  molecular-beam  epitaxy  or 
organometallic  vapor  phase  epitaxy,  MBE  or  OMVPE,  re- 


TE.MPEILATL'RF  (K) 

Fig.  5  Diffusion  constant  and  lifetime  vs  temperature  for  low  laser 
powers. 
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spectively.  The  general  conclusion  inferred  from  this  is  that 
thermal  detrapping  of  excitons  from  a  distribution  of  lo¬ 
calized  states  causes  the  temperature  dependence  of  the 
observed  PL  decay  kinetics.  Further,  most  authors  con¬ 
clude  that  this  localization  results  from  heterointerface  dis¬ 
order  since  the  cross-interface  nature  of  the  excitonic  spe¬ 
cies  (the  Coulomb  potential)  forces  the  electrons  and  holes 
to  be  in  intimate  contact  with  the  heterointerface. 

However,  these  conclusions  have  never — until  this 
report — been  directly  proven  since  the  transport  of  these 
cross-interface  excitons  has  never  been  meas  'red.  Indeed, 
if  this  hypothesis  is  true,  then  the  observed  temperature 
invariance  of  the  PL  line  shape  suggests  that  type-II  re¬ 
combination  only  occurs  from  localized  states,  since  oth¬ 
erwise,  the  radiative  recombination  of  excitons  in  the 
higher-energy  mobile  states  would  result  in  a  pronounced 
high-energy  tail  in  the  PL.  We  observe  no  significant 
change  in  the  PL  spectra  versus  temperature  (Fig.  1).  This 
further  supports  our  conclusion  regarding  the  localization. 
We  conclude  that  localization  of  the  cross-interface  exci¬ 
tons  at  potential  fluctuations  induced  by  heterointerface 
roughness  is  vital  to  the  recombination  mechanism.  Fur¬ 
ther,  the  PL  spectra  is  indicative  of  the  energy  distribution 
of  localization  sites.  This  detrapping  may  also  occur  at 
high  excitation  powers.  Thus,  ^'iir  model  for  the  observed 
transpon  and  kinetic  results  is  as  follows;  At  low  temper¬ 
atures,  excitons  are  localized  in  the  low-energy  heteroint¬ 
erface  sites,  whereas  at  higher  temperatures,  thermal  de¬ 
trapping  of  a  portion  of  these  excitons  alio*.  ■-  >se 
excitons  detrapped  from  the  localized  states  into  mobile 
states  to  migrate  until  they  eventually  may  become  trapped 
at  a  nonradiative  defect,  thus  shortening  the  observed  life¬ 
time  and  causing  the  observed  weakening  of  the  PL.  cw  PL 
spectra  will  not  become  significantly  weaker  with  increas¬ 
ing  temperature  and  concomitant  increased  trapping  and 
nonradiative  decay  because  a  steady  state  is  reached  be¬ 
tween  excitation  and  trapping.  However,  time-integrated 
PL  spectra  after  pulsed  excitation  should  decrease  in  in¬ 
tensity  with  increasing  temperature,  and  this  decrease  is 
attributable  to  the  reduction  in  lifetime  caused  by  nonra¬ 
diative  decay.  Therefore,  both  our  cw  and  pulsed,  time- 
integrated  PL  spectra  are  consistent  with  this  model.  Fur¬ 
ther,  the  constant  diffusion  length  versus  temperature  is 
consistent  with  the  model  since  the  probability  for  nonra¬ 
diative  decay  depends  upon  the  density  of  these  traps,  and, 
therefore,  the  diffusion  length. 

Our  transport  model  relies  upon  the  rapid  trapping  of 
excitons  in  localized  states  caused  by  heterointerfacial  dis¬ 
order.  In  such  a  system,  care  must  be  e.xercised  in  modeling 
the  data  since  different  models  may  yield  different  results. 
In  particular,  models  based  upon  diS'usive  transport  versus 
dispersive  transport  should  yield  discemable  differences  in 
the  observed  transport.^*  Indeed,  dispersive  transport  mod¬ 
els  have  been  successful  in  modeling  transport  in  amor¬ 
phous  systems.  We  believe  that  a  diffusive  model,  which 
approximates  thermally  activated  hopping  and  is  com¬ 
monly  used,”  is  required  to  model  and  is  consistent  with 
our  data.  This  conclusion  is  based  upon  the  following  ob¬ 
servations;  ( 1 )  the  observed  transport  does  not  slow  down 


with  increasing  time,  ( 2 )  time-resolved  PL  spectra  do  not 
show  a  redshift  in  the  PL  spectra  with  increasing  time,  and 
(3)  the  PL  line  shape  does  not  change  with  increasing 
temperature.  All  of  these  observations  rule  out  a  dispersive 
transport  model. 

Our  transport  results  are  thus  the  first  to  definitely  and 
directly  show  that  this  localization  hypothesis  is  indeed 
true.  Moreover,  we  have  quantified  the  magnitude  of  the 
diffusive  transport  versus  temperature,  and  find  it  to  be 
thermally  activated,  with  an  activation  energy  of  ~6.8 
■t  1.5  meV — 20%  larger  than  the  PL  linewidth.  This  result 
is  quite  peculiar,  in  light  of  the  observed  temperature- 
invariant  PL  line  shape.  We  conclude  that  the 
temperature-dependent  transport  results  from  a 
temperature-dependent  occupation  of  mobile  versus  sta¬ 
tionary  localized  states  (probably  occurring  by  thermally 
activated  hopping).  Additionally,  more  detailed  measure¬ 
ments  of  type-Il  exciton  transport  versus  emission  energy 
are  currently  in  progress  in  an  effort  to  identify  a  possible 
mobility  edge  between  these  localized  and  mobile  states. 

V.  CONCLUSIONS 

We  have  measured  directly  the  transport  of  excitons  in 
a  type-II  short-period  GaAs/AlAs  superlattices,  for  the 
first  time.  We  have  quantified  this  transport  and  observe 
thermalization  of  excitons  from  highly  localized  states  to 
more  mobile  slates.  Additionafly,  our  study  has  further 
elucidated  the  electronic  structure  and  recombination 
mechanism  of  this  type-II  superlattice.  At  high  excitation 
powers,  we  observe  an  initial  rapid  expansion,  possibly  a 
result  of  the  formation  and  transport  of  an  electron-hole 
plasma,  followed  by  slower  diffusive  transport  at  late  times. 
The  formation  of  a  higher-energy  electron-hole  plasma  is 
also  confirmed  in  our  time-resolved  PL.  Our  results  also 
serve  to  characterize  the  disorder  at  the  heterointerface 
(5.5  meV  linewidth). 
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We  have  measured  room-temperature  band-to-band  recombination  decay  kinetics  in  superior 
quality  GaAs  heterostructures,  and  ha«e  observed  the  longest  lifetime  (2.3  fss)  observed  for  any 
GaAs/Al^Gai_;rAs  structure  to  date.  Additionally,  using  a  novel  time-resolved  optical 
photoluminescence  imagining  technique,  analogous  to  the  Haynes-Shockley  esperiment,  we 
have  also  measured  room-temperature  minority-carrier  transport  in  this  series  of  “surface-free” 
GaAs/Alo.3Gao.7As  double  heterostructures,  measurements  only  possible  in  high-quality 
samples  with  long  lifetimes  and  intense  photoluminescence.  We  find  the  transport  to  be  diffusive 
with  diffusion  lengths  of  ^  1(X)  fim.  Further,  we  find,  for  thick  structures,  minority-carrier 
transport  is  hole-dominated  ambipolar  diffusion,  as  expected  for  high-purity  n-type  material. 

However,  for  thinner  structures,  we  find  that  the  minority-carrier  transport  is  time  dependent, 
changing  from  ambipolar  diffusion  at  early  times,  as  in  thick  structures,  to  electron-dominated 
diffusion  at  later  times.  We  show  that  these  structures  become  effectively  p-type  modulation 
doped  due  to  the  relative  “impurity"  and  thickness  of  the  Al,Ga,_yAs  compared  to  the  GaAs. 

As  a  result,  the  minority-carrier  species  changes  from  holes  to  electrons  for  decreasing  GaAs 
layer  thicknesses.  Cumulatively,  we  show  the  band-to-band  recombination  decay  kinetics  and 
carrier  transport  results  to  be  in  excellent  qualitative  and  quantitative  agreement.  Moreover,  our 
results  are  in  excellent  agreement  with  electrical  transport  measurements  of  electron  and  hole 
mobilities.  Finally,  with  our  measured  room-temperature  lifetimes  and  minority-carrier 
transport  measurements  versus  GaAs  layer  thickness,  we  accurately  calculate  the  interface 
recombination  velocity  for  these  structures,  with  the  result  5  ~  40  cm/s,  among  the  lowest  ever 
reported  for  any  GaAs/Alj,Gai_^s  structure. 


I,  INTRODUCTION 

Studies  of  intrinsic  band-to-band  recombination  kinet¬ 
ics  in  direct-gap  semiconductors  such  as  GaAs‘''°  have 
met  with  limited  success,  due,  primarily,  to  the  overwhelm¬ 
ing  effects  of  surface  or  interface  recombination  and  resid¬ 
ual  dopants  which  may  mask  intrinsic  decay  kinetics. 
Among  the  most  systematic,  but  nonetheless  limited  stud¬ 
ies  of  these  kinetics  to  date  is  that  of  Nelson  and  Sobers  in 
1977,'"^  in  which  the  effects  oi  iri;'ntional  dopant  impurity 
concentration  on  the  recomoina:ion  kinetics  were  mea¬ 
sured  in  liquid-phase-epitaxy  prepared  (LPE)  GaAs/ 
AljGai  _^s  double  heterostructures.  Despite  this  serious 
attempt  at  examining  band-to-band  recombination  kinetics 
in  GaAs  structures,  the  effects  of  many  other  parameters 
remain  largely  unexplored  (due,  again,  in  part  to  these 
deleterious  effects).  These  parameters  may  be  catagorized 
as  relating  to  the  structural  parameters  (such  as  surface 
conditions,  Al;,Ga|_^s  composition,  impurity  concentra¬ 
tion,  and  thickness,  etc.)  or  growth  parameters  (growth 
temperature,  growth  rate,  and  V-III  ratio,  etc.). 

Modem  epitaxial  growth  techniques,  such  as  molecu¬ 
lar  beam  epitaxy  (MBE)’  ’'"^°  or  organo  •  i"  'apor 
phase  epitaxy  (OMVPE),*'^'"^^  may  reduce,  if  not  elimi¬ 
nate,  some  of  these  overwhelming,  detrimental  effects 
through  the  preparation  of  higher-quality  semiconductor 


heterostructures  than  those  available  with  other  growth 
techniques,  thereby  allowing  studies  of  the  effects  these 
other  parameters  may  have  on  band-to-band  recombina¬ 
tion  kinetics.  Specifically,  these  epitaxial  heterostructures 
may  be  superior  to  LPE-prepared  heterostructures  in  sev¬ 
eral  aspects.  First,  purities  of  10‘*  cm“^  have  been 
achieved,^  with  some  of  these  more  recent  state  of 
the  art  techniques,  comparable  to  or  better  than  the  best 
LPE  material. Second,  truly  atomically  abrupt  hetero¬ 
interfaces  are  readily  achieved  with  these  growth  tech¬ 
niques, in  contrast  to  the  graded  interfaces  (over 
several  thousand  angstroms)  typical  in  LPE  material. 

Despite  the  advantages  of  these  modem  growth  tech¬ 
niques,  kinetic  studies  in  GaAs,  since  the  early  work  of 
Nelson  and  Sobers'"^  have  largely  been  inconclu- 
sive.''***'^"^'*’  Complete  and  systematic  studies  of  the 
band-to-band  recombination  kinetics,  unencumbered  by 
the  issues  of  interface  recombination  and  other  competing 
and  unwanted  nonradiative  decay  processes,  have  not  been 
forthcoming,  vith  ( 1 )  reported  band-to-band  recombina¬ 
tion  lifetimes  spanning  many  orders  of  magnitude,  from  a 
few  ns  to  hundreds  of  ns,  and  (2)  generally  inconsistent 
results.  ’  "  There  have,  only  lately,  been  scattered 

reports’’  of  lifetimes  in  MBE-  or  OMVPE-grown 
GaAs  heterostructures,  indicating  that  some  of  these  more 
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recent  growth  teci  .liques  are  now  capable  of  producing 
truly  high-quality  OaAs  heterostructures.  Recently,  we 
have  obtained  sampi  js  in  which  band-to-band  recombina¬ 
tion  lifetimes  are  extremely  long  (2.S  fxs)  and  consistent 
and  reproducible  for  many  samples,^^^  whereas  samples 
grown  only  a  few  months  earlier  in  the  same  reactor  had 
lifetimes  shorter  by  a  factor  of  ~  50.  This  series  of  samples, 
thus  provides  a  unique  view  of  superior  GaAs/ 
Al^Ga,_^s  heterostructures,  while  also  possibly  provid¬ 
ing  some  insight  into  the  important  growth  and  structural 
parameters  essential  for  producing  such  high-quality  GaAs 
structures. 

In  particular,  we  have  measured  room-temperature 
band-to-band  recombination  time  decays  in  a  series  of 
OMVPE-prepared  GaAs/AlojGao  7AS  double  heterostruc¬ 
tures.  We  observe  a  systematic  variation  in  decay  kinetics 
from  bimolecular  to  single-exponential  decays  for  decreas¬ 
ing  GaAs-layer  thicknesses.  We  have  also  measured  the 
lateral  spatial  transport  (parallel  to  the  heterointerfaces) 
of  minority  carriers  in  these  same  samples  using  a  novel, 
time-resolved  photoluminescence  (PL)  imaging  technique. 
Our  spatial  transport  measurements  exhibit  a  transition 
from  ambipolar  to  electron-dominated  minority-carrier 
diffusion  versus  GaAs-layer  thickness. 

By  correlating  the  results  of  these  measurements,  we 
may  deduce  the  effects  various  material  parameters  have 
on  the  carrier  dynamics  and  recombination  kinetics.  We 
find  that  not  only  does  the  GaAs  purity  critically  affect  the 
band-to-band  recombination  kinetics,  as  Nelson  and  So¬ 
bers'"^  have  shown,  but  also  the  Alo  3Gao7As  purity  and 
thickness,  relative  to  that  of  the  GaAs,  may  critically  affect 
these  kinetics.  Specifically,  since  OMVPE-prepared 
Al;(Gai_^s  is,  in  general,  not  as  pure  as  OMVPE- 
prepared  GaAs,"'*  structures  with  thin  GaAs  layers,  rela¬ 
tive  to  Al;tGai_  jAs  layers,  may  become  effectively  p-type 
modulation  doped.  These  results  are  fully  understood  and 
our  interpretation  of  the  data  is  corroborated  by  both  ex¬ 
periments.  Moreover,  from  such  PL  kinetic  and  transport 
measurements  we  may  accurately  calculate  interface  re¬ 
combination  velocities  in  these  structures.  Cumulatively, 
we  show  that  many  factors  may  affect  free-carrier  recom¬ 
bination  kinetics,  and  hence,  measurements  and  calcula¬ 
tions  of  interface  recombination  velocities  must  be  care¬ 
fully  performed  in  thick  structures,  as  we  have  done  here. 
Finally,  we  show  that  previous  measurements’  '"’'*  '’  *"'^^"’ 
of  interface  recombination  velocities  may  be  ambiguous 
since  adequate  measurements  of  the  carrier  dynamics  have 
not  been  performed. 


II.  EXPERIMENT 

Samples  used  in  this  study  were  OMVPE-prepared 
Alo  jGao  -As/GaAs/.AlojGao  As  heterostructures. 

.4lQ3Ga<3  As  layers  cladding  the  GaAs  layer  were  0.5  pm 
thick  in  all  samples  and  /:?-type  with  a  residual  doping  of 
~3x  10'*  cm"’.  GaAs  layers  were  «-type  with  a  residua! 
doping,  determined  by  capacitance-voltage  profiling  on 
thick  GaAs  layers,  of  —  1  '<  lO”  cm"’.  GaAs-layer  thick¬ 
nesses  ranged  over  almost  three  orders  of  magnitude,  from 
25  nm  to  10  pm,  and  were  determined  through  scanning 


electron  microscope  (SEM)  and  transmission  electron  mi¬ 
croscope  (TEM)  measurements.  Samples  were  grown  at 
750  °C  on  semi-insulating  substrates  with  a  thin  GaAs 
buffer  layer  between  the  substrate  and  double  heterostruc- 
ture.  To  promote  interfacial  abruptness,  all  growths  were 
performed  with  interruptions  (30  s)  at  each  heterointer¬ 
face. 

PL  spectra  and  time-decay  measurements  were 
performed  using  a  synchronously  pumped  (by  a 
frequency-doubled  cw  mode-locked  Nd’";YAG  laser) 
cavity-dumped  dye  laser.  Resulting  laser  pulses  had  a 
pulse  width  of  1.0  ps  and  were  tunable  from  6400  to 
8400  A  using  DCM  (4-dicyanomethylene-2-methyl- 
6-p-dimcthylaminostyryl-4/f-pyran),  styryl  8  (2-(4-(4- 
dimethy  laminophenyl )  - 1 ,3-butadienyl )  -3-ethylbenzothia- 
zolium  Perchlorate),  and  styryl  9  (2-(6-(/>-<Ii- 

methy  laminophenyl )  -2,4-neopentylene- 1 .3,5-hexatrienyl )  - 
3-methylbenzothiazolium  perchlorate)  in  the  dye  laser, 
with  a  variable  repetition  rate  from  76  MHz  to  ~  1  kHz. 
The  laser  beam  was  focused  to  a  spot  size  of  3  mm  on  the 
sample  surface,  with  an  energy  of  ~0.1  nJ  per  pulse.  This 
essentially  effected  an  uniform  “bulk"  exciution  (the  en¬ 
tire  layer  is  excited;  the  excitation  wavelength  was  chosen 
to  be  near  resonant  with  the  band  gap  of  the  sample  at  the 
sample  temperature,  i.e.,  for  a  10  pm  sample  at  300  K 
A„jai8400  A)  with  the  smallest  incident  laser  fluence  pos¬ 
sible  (for  the  above  example  of  the  10  pm  sample  this 
corresponds  to  a  photon  flux  of  ~5x  lO"  cm"*),  while 
still  allowing  a  reasonable  signal-to-noise  ratio  for  photon 
counting.  The  sample  was  mounted  “strain-free”  to  the 
sample  probe  in  a  variable  temperature  (1.8-300  K)  He- 
gas  flow  optical  cryostat.  The  results  presented  here  were 
all  performed  at  room  temperature.  Luminescence  was  col¬ 
lected  and  then  dispersed  by  a  0.85-m  double-grating  spec¬ 
trometer  and  detected  by  a  chilled  RCA  C31034A  photo¬ 
multiplier  tube.  PL  and  time-resolved  measurements  were 
performed  using  the  time-correlated  single  photon  count¬ 
ing  technique,  with  a  total  system  response  of  S0.5  ns. 

Carrier-transport  measurements  were  performed  by 
combining  our  time-resolved  PL  measurement  technique 
with  a  specially  designed  microscope  to  discriminate  spa¬ 
tially.  This  technique,  analogous  to  the  classical  Haynes- 
Shockley  experiment,  has  many  unique  advantages  over 
other  transport  measurement  techniques,  in  that  it  is  ( 1 ) 
“contactless,”  (2)  entirely  optical,  thus  characterizing 
minority-carrier  transport,  (3)  may  distinguish  between 
diffuse  and  nondiffusive  motion.  (4)  is  capable  of  distin¬ 
guishing  the  transport  of  different  particles  (electrons, 
holes,  excitons,  etc.),  and  (5)  has  high  time  resolution. 
The  experimental  apparatus  is  shown  in  Fig.  1.  The  laser 
beam  was  expanded  and  collimated,  by  lenses  L\  and  Z.2, 
and  then  focused  tightly  onto  the  sample,  by  LI  inside  the 
cryostat.  Resulting  spot  sizes  of  ~3  ^m  were  readily 
achieved.  Subsequent  PL  was  collected,  by  Li.  and  then 
refractively  scanned,  in  a  stepwise  fashion,  back  and  forth 
across  the  optic  axis  by  rotating  a  thick  Plexiglas  block. 
Lenses  LA  and  L5  then  image  the  PL  onto  the  entrance 
slits  of  the  spectrometer.  The  combination  of  lenses  Li. 
LA,  and  Z.5  magnifies  the  PL  image  at  the  sample  by  a 
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RG.  1.  ExperimenuU  design  for  spatially  resolved  PL  measurements  (5 
sample,  Z.1-LS  lenses,  BS  beamspliner,  IX-Fl  PL  images,  and  R  refrac¬ 
tory  Plexiglas  block). 


factor  of  ~20  at  the  entrance  slit  of  the  spectrometer,  and 
is  designed  to  match  the  spectrometer  //#.  The  result  is  a 
high-resolution  spatial  image  of  the  laser  beam  or  the  sam¬ 
ple  PL.  Figure  2  shows  the  spatial  calibration  of  our  sys¬ 
tem.  By  imaging  a  back-lit  quartz  disk  onto  which  alumi¬ 
num  squares  IIS  fxm  on  a  side  and  50  /xm  apart  were 
photolithographically  defined  and  evaporated,  and  simul¬ 
taneously  focusing  the  laser  beam  onto  one  of  the  squares, 
we  obtain  the  spatial  calibration  of  the  system  and  the 
system  spatial  resolution.  It  is  clear  that  our  system  re¬ 
sponse  is  near  the  diffraction  limit  for  visible  light  ( ~  2.5 
^m).  With  this  system,  our  total  system  response  is  =3 
fim  spatially,  <1  cm"'  spectrally,  and  S500  ps  tempo¬ 
rally. 

ill.  RESULTS  AND  DISCUSSION 

Band-to-band  recombination  in  direct-gap  semicon¬ 
ductors  e.xhibits  a  characteristic  high-energy  Boltzmann 
tail  with  a  characteristic  carrier  temperature.  PL  spectra  of 
four  typical  samples  are  shown  in  Fig.  3.  The  solid  line  in 
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FIG.  2.  Spatial  calibration  was  obtained  with  a  quartz  disk,  onto  which 
aluminum  squares  (115  fim  X  1 1 5  /jm,  and  50  ^im  apart )  were  evaporated 
(inset);  this  was  then  backlighted  and  imaged  in  place  of  the  sample, 
while  simultaneously  focusing  the  laser  to  a  3.5  fun  spot  size  on  one  of  the 
aluminum  squares. 
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RG.  3.  Room-temperature  PL  spectra  for  GaAs/.Alo jGag -As  double 
heterostructures  with  9.82  ftm.  I.O  ^m,  and  0.30  fim  GaAs  layer  thick¬ 
nesses.  Maxwell-Boltzmaim  fits  to  the  high-energy  side  of  the  PL  spectra 
are  shown  as  solid  lines.  These  fits  yield  electronic  temperatures  identical 
to  the  lattice  temperature. 


the  figure  represents  a  fit  to  the  high-energy  side  of  the  PL 
spectra  with  the  Boltzmann  expression 

(1) 

The  resulting  electronic  temperatures  are  in  reasonable 
agreement  with  the  lattice  temperature  (300  K),  indicating 
that  we  are  indeed  measuring  the  recombination  of  ther- 
malized  carriers  and  band-to-band  recombination.  In  ad¬ 
dition,  the  PL  peak  position  is  identical  for  all  bulk  struc¬ 
tures,  whereas  thinner  structures  (5  500  k)  show  the 
anticipated  effects  of  quantum  confinement.  We  find  the 
PL  in  these  samples  to  thus  be  intrinsic.  Further,  PL  in 
thick  structfires  (  S  0.1  fim)  (where  quantum  confinement 
effects  are  unimportant)  are  virtually  identical  with  only 
minor  variations  in  PL  intensities. 


A.  Recombination  kinetics 


Figure  4  shows  the  room-temperature  PL  time  decays 
for  samples  with  GaAs-layer  thicknesses  of  9.82,  1.00, 
0.30,  and  0.118  /zm.  In  contrast  to  the  corresponding  PL 
spectra,  there  is  a  large  variation  in  decay  kinetics  and 
lifetimes  for  these  samples.  These  decay  kinetics  were  fit  to 
the  rate  equation  for  band-to-band  recombination""*  *  '® 


dp  p 

—  ^-B{np-^noP~p^n)  — 
dt  r„r 


-1-P- 


(2) 


where  p[n)  is  the  photoexcited  hole  (electron)  density, 
Po(no)  is  the  built-in  hole  (electron)  density.  represents 
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FIG.  4.  Decay  kinetics  for  GaAs/AlojG'io  7A$  doub! ;  heterostructures 
with  9.82  nm,  1 .00  fim,  0.30  ^m,  and  0. 1 1 8  fim  GaAs  layer  thicknesses  at 
room  temperature.  Lifetimes  shown  represent  the  1/e  constant  for  the 
exponential  tails  of  the  decays,  and  were  obtained  through  least-squares 
fits  of  the  data  to  Eq.  (3). 
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the  contributions  of  bulk  nonradiative  decay  to  the  overall 
decay  rate  of  minority  carriers,  d  is  the  GaAs  layer  thick¬ 
ness  (the  distance  between  heterointerfaces),  and  Si  and 
Si  are  the  interface  recombination  velocities  at  each  het¬ 
erointerface.  B  is  the  bimolecular  decay  constant  (2 
X  10“ cmVs).^  This  equation  represents  the  decay  kinet¬ 
ics  in  n-type  GaAs  where  holes  are  minority  carriers.  For 
p-type  GaAs  the  decay  kinetics  are  described  by  the  same 
equation  but  with  the  roles  of  electrons  and  holes  reversed. 
Equation  (2)  may  lead  to  several  dilferent  typies  of  decay 
kinetics,  including  (1)  bimolecular  decays  in  which  n=p 
and  n,p>nQ,pQ  and  the  last  two  terms  in  Eq.  (2)  are  small, 
(2)  single  exponential  decays  in  which  either  the  last  two 
terms  in  Eq.  (2)  dominate  over  the  first  term  and/or Po>p 
or  nQ>  n,  and  (3)  a  combination  of  exponential  and  bimo¬ 
lecular  decays. 

The  general  solution  of  the  rate  equation,  Eq.  (2)  is 


where 


BinQ-rPo)-  (4) 

T  *  U 

The  constant  C  (C=  Bp,T  and  A=pi.  where p^  is  the  initial 
photoexcited  minority-carrier  density )  represents  the  rela¬ 
tive  importance  of  the  bimolecular  decay  to  the  overall 
decay  rate.  PL  decays  are  rigorously  exponential  for  C=0, 


whereas  the  decays  become  increasingly  bimolecular  for 
larger  C.  The  data  shown  in  Fig.  4  were  fit  using  Eq.  (3) 
with  .4,  C,  and  r  as  adjustable  parameters.  The  lifetimes, 
shown  in  Fig.  4,  are  those  obtained  from  these  fits  and 
represent  the  exponential  decay  constant  of  the  decay  tail 
( the  more  than  three  decade  decay  kinetics  measured  here 
confirm  that  these  decay  kinetics  have  truly  become  expo¬ 
nential  at  long  times).  In  particular,  the  2.5  ^s  decay  ob¬ 
served  for  our  9.82  pm  sample  represents  the  sum  of  all 
monomolecular  rates  as  shown  in  Eq.  (4).  For  relatively 
high-purity  material  and  moderate  photoe.xcitation  (n 
=p  Z  rtg,  po^O),  the  initial  decay  is  bimolecular,  but  as  the 
free  carriers  recombine  the  photoexcited  carrier  density 
will  decrease  and  eventually  become  less  than  the  built-in 
carrier  densities  (/Iq,  po),  thereby  yielding  exponential  de¬ 
cays.  Thus,  decay  kinetics  which  initially  are  bimolecular 
will  in  reality  (since  5,  r„,,  /ig*  Po  never  zero), 
eventually,  and  always,  become  exponential.  Thus,  under 
the  experimental  conditions  mentioned  above,  these  fits 
lead  to  well-defined  and  mutually  comparable  decay  life¬ 
times. 

We  find  that  lifetimes  obtained  in  these  samples  de¬ 
crease  with  decreasing  GaAs-layer  thickness.  This  is 
readily  understood  and  modeled  by  the  rate  equations  and 
is  generally-'^  '®  identified  with  the  effects  of  nonradiative 
interface  recombination,  [(5i-l-5i)/d].  Moreover,  the  re¬ 
sults  show  (Fig.  4),  that  these  decay  kinetics  gradually 
change  from  highly  nonexponential,  bimolecular  decays  to 
rigorously  single-exponential  decays  for  decreasing  GaAs- 
layer  thicknesses.  Importantly,  although  the  minority- 
carrier  decay  kinetics  depend  upon  the  relative  carrier  den¬ 
sities.  and  thus  may  be  influenced  by  both  minority-  and 
majority-carrier  transport,  these  effects  should  be  neghgi- 
ble  for  our  experimental  conditions  for  PL  kinetics  mea¬ 
surements  (defocused  laser  spot,  -:3  mm  in  diameter). 
The  thickness  dependence  of  these  decay  lifetimes  also  sug¬ 
gests  that  bulk  nonradiative  decay  in  these  samples  is  neg¬ 
ligible.  Low-temperature  measurements  also  suggest 
50  The  systematic  change  in  the  form  of  the 

decay  kinetics  versus  GaAs-layer  thickness  for  identical 
experimental  conditions  is  not,  however,  simply  under¬ 
stood  with  the  rate  equations  alone.  Thus,  we  find  that  all 
decays  in  all  samples  eventually  become  exponential  at 
long  times,  as  they  must,  and  that  the  thick  structures  are 
dominated  at  long  times  by  nonradiative  interface  recom¬ 
bination,  whereas  the  thinner  structures  (  <  1  pm)  are 
dominated  by  majority-carrier  recombination  (Bhq). 

B.  Minority-carrier  transport 

Despite  our  assertions  concerning  the  effects  of  carrier 
transport  on  the  decay  kinetics,  we  have  measured 
minority-carrier  transport  in  an  effort  to  gain  further  in¬ 
sight  into  the  kinetics  of  free-carrier  recombination,  and 
the  observed  systematics.  We  have  measured  the  spatial 
transport  of  minority  carriers  using  the  novel  PL  imaging 
technique  mentioned  above.  Since  the  PL  intensity  at  each 
spatial  point  reflects  the  minority-carrier  density  at  that 
point,  the  spatial  profile  of  minority  carriers  versus  time 
after  the  laser  pulse  is  obtained  by  measuring  the  time- 
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resolved  and  spatially  resolved  PL  distributions.  (Here,  the 
long  fis  lifetimes  and  intense  room-temperature  PL  ob¬ 
served  in  our  samples,  compared  to  the  - 1  ns  lifetimes 
and  weak  PL  observed  in  “typical”  GaAs  structures  enable 
these  time-resolved  studies. )  If  the  minority-carrier  trans¬ 
port  is  diffusive,  and  the  diffusion  coefficient  and  lifetime 
are  independent  of  carrier  density,  then  the  carrier  trans¬ 
port  is  governed  by  the  traditional  diffusion  equation. 

The  solution  of  the  cylindrically  symmetric,  two- 
dimensional  diffusion  equation 


dp(r,t) 

~~dr~ 


=  Z)VV(r,/)- 


pir.t) 


(5) 


gives  the  minority-carrier  distribution  versus  time  r,  and 
the  position  in  the  x-y  plane,  r,  as 


p{r,t) 


^Po 


(4Z>r-i-A5 


(6) 


where  D  is  the  diffusion  coefficient  and  Ao  is  the  initial 
minority-carrier  spatial  distribution  characteristic  width. 
Equation  (6)  shows  that  the  decay  kinetics  affect  only  the 
overall  intensity  of  the  PL,  whereas  the  spatial  diffusion  of 
carriers  affects  the  spatial  width  of  the  carrier  distribution 
and  hence  the  PL  image.  Additionally,  the  spatial  profile  of 
the  PL  should  be  Gaussian.  The  spatial  diffusion  of  minor¬ 
ity  carriers  may  be  further  quantified  by  their  characteris¬ 
tic  widths,  the  full  width  at  half  maximum  (FWHM)  of 
the  Gaussian  distributions,  squared: 


A^(r)  =  [161n(2)]Z)a/-^41n(2)A5.  (7) 

Equation  (7)  shows  that  the  (FWHM)*  increases  linearly 
with  time  with  a  slope  of  16  ln(2)i?„,  thus  allowing  deter¬ 
mination  of  the  diffusion  coefficient. 

Figures  5  and  6  show  the  PL  spatial  distribution  versus 
time  obtained  from  samples  with  GaAs-layer  thicknesses 
of  9.82  and  0.30  pm,  respectively.  Clearly,  the  PL,  and 
hence  minority-carrier  spatial  distribution  expands  signifi¬ 
cantly  during  the  decay  lifetime,  and  the  spatial  distribu¬ 
tions  are  approximately  Gaussian,  as  indicated  by  the  fits 
to  the  data  with  Eq.  (6),  shown  as  solid  lines.  This  is 
possibly  indicative  of  diffusive  carrier  transport.  Compari¬ 
son  of  Figs.  5  and  6  evidences  remarkable  differences.  The 
minority-carrier  distribution  for  the  0.30  pm  structure  ex¬ 
pands  —  three  times  further  than  the  9.82  pm  structure  in 
one- third  the  time  ( 300 pm  in  800  ns  vs  120 pm  in  Lips)- 
Thus,  minority  carriers  are  evidently  moving  —  nine  times 
faster.  As  a  means  of  quantifying  this  behavior  and  extract¬ 
ing  diffusion  constants  from  the  data.  Fig.  7  shows  the 
squared  FWHM  obtained  by  fitting  the  data  to  Eq.  (6) 
versus  time.  The  data  are  clearly  not  linear  versus  time  for 
samples,  but  do  exhibit  unmistakable  systematics  versus 
GaAs-Iayer  thickness. 

For  relatively  high-purity  samples,  such  as  these, 
minority-carrier  diffusion  should  be  ambipolar.  Physically, 
this  reflects  the  fact  that  charge  separation  cannot  occur 
due  to  the  Coulomb  interaction  between  carriers.  As  a  re¬ 
sult,  both  species  of  carriers,  electrons  and  holes,  must 
move  together.  In  effect,  the  faster  moving  electrons  are 


DISTANCE  (Jim) 


FIG.  S.  Room-temperature  time-resolved  PL  distnbuoons  for  the  9  I* 
/im-thick  double  heterostructure.  Solid  lines  represent  Gaussian  Sts  to 
data,  with  FWHM  vs  time  shown. 


forced,  by  the  Coulomb  interaction,  to  “drag"  the  heaviei 
holes  along  with  them,  yielding  a  slower  moving  neutral 
gas  of  carriers.'*®  The  diffusion  coefficient  of  this  neutral  gas 
of  carriers  may  be  expressed  as” 

[{n  +  no)  +  [p+po)]D,D^ 

(n-Jrno)D,+  (p+po)D^ 


DIST.A.NCE  (um) 

FIG.  6.  Room-temperature  time-resolved  PL  distnbutions  for  the  0.30- 
/im-thick  double  heterostructure.  Solid  lines  represent  Gaussian  fits  to 
data,  with  FWH.M  vs  time  shown. 
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FIG.  7.  Room-temperature  transport  results  obtained  from  Gaussian  fits 
to  time-resolved  PL  spatial  distributions.  The  Gaussian  PL  FWHM 
squared  is  plotted  vs  time,  for  all  GaAs/Alo  iGao  ^As  double  het- 

erostnictures;  lines  represent  fits  to  the  data. 


where  0,(0),)  is  the  electron  (hole)  diffusion  constant. 
The  ambipolar  diffusion  constant  is  thus  related  to  the  elec¬ 
tron  and  hole  diffusion  constants  and  the  relative,  time- 
dependent  densities  of  each  species  of  carrier.  For  high- 
purity  material  (no,po=0),  O^s^D,,.  0„  may  thus  be 
carrier  density  dependent,  contrary  to  the  assumptions 
used  in  solving  the  diffusion  equation.  Our  decay  kinetics 
in  thicker  samples  (  ^0.5  fiza)  are  also  density  dependent, 
leading  to  bimolecular  decays.  Consequently,  Eqs.  (5)  and 

(6)  do  not  completely  and  accurately  model  the  dynamics 
in  our  structures.  As  an  approximation,  we  have  chosen  to 
include  the  density  dependence  of  the  decay  kinetics  in  the 
diffusion  coefficient,  Eq.  (8),  and  neglect  any  effect  these 
complications  may  have  on  the  spatial  PL  profile.  A  more 
rigorous  model  should  include  a  bimolecular  decay  term  in 
Eq.  (5);  however,  with  this  additional  complexity.  Eq.  (5) 
cannot  be  solved  analytically.  However,  this  more  complex 
diffusion  equation  may  be  solved  numerically,  leading  to 
spatial  minority-carrier  profiles  which  are  very  nearly 
Gaussian.^®  Indeed,  we  find  that  the  Gaussian  fits  to  the 
spatial  PL  profiles  are  quite  good.  Importantly,  the  time 
dependence  of  the  minority-carrier  densities,  n  and  p,  may 
lead,  under  appropriate  circumstances,  to  time-dependent 
diffusion  constants.  Therefore,  our  detailed  decay  kinetics 
measurements  provide  the  means  to  model  the  observed 
minority-carrier  transport  kinetics. 

With  this  simple  model,  the  results  of  our  PL  spatial 
expansion  measurements  may  be  analyzed.  The  solid  lines 
in  Fig.  7  are  fits  to  the  spatial  expansion  data  using  Eqs. 

(7)  and  (8).  together  with  the  minority-carrier  decay  ki¬ 
netics  shown  in  Fig.  4  ( here  we  have  been  careful  to  mea¬ 
sure  the  decay  kinetics  and  transport  under  identical  exci¬ 
tation  conditions:  laser  power  and  wavelength.  In 
particular  the  transport  was  measured  at  low  laser  powers, 
typically  a  fraction  of  a  ^W  average  power.  Importantly, 
we  do  not  observe  any  power  dependence  to  the  observed 


minonty-carrier  transport  at  these  temperatures,  and  high 
excitation  densities  only  affect  the  initial  portion  of  the  PL 
decay  kinetics,  and  the  long-time  tail  is  identical  to  the  low 
e.xcitation  density  result.)  Fits  to  the  data  in  Fig.  7  are 
quite  good,  and  were  obtained  creating  pg,  O,,  and  O),  as 
adjustable  parameters.  The  built-in  electron  density  Aq  was 
estimated  from  Che  capacitance-voltage  measurements 
mentioned  above,  whereas  the  photoexcited  carrier  densi¬ 
ties  are  determined  by  the  laser  power  and  spot  size.  We 
find  that  the  “effective”  built-in  hole  density  in  the  GaAs 
layer  increases  roughly  inversely  with  the  GaAs-layer 
thickness  and  can  reach  densities  of  approximately  1  x  10‘* 
cm“^.  Moreover,  since  noPo= constant,  as  pg  increases,  /Iq 
must  correspondingly  decrease. 

The  physical  interpretation  of  minority-carrier  spatial 
diffusion  may  now  be  understood.  The  GaAs  layer  is  in¬ 
herently  n  type,  whereas  the  Al^  jGao  ^As  layers  are  p  type, 
0.5  fim  thick,  with  a  residual  doping  level  about  one  order 
of  magnitude  higher  than  in  the  GaAs.  The  depletion 
width  at  each  p-n  junction  in  the  GaAs  is  approximately 
0.5  pm,*'  thus,  for  GaAs-layer  thicknesses  less  than  about 
1  pm,  total  depletion  (two  interfaces),  holes  may  begin  to 
accumulate  in  the  GaAs  layer,  from  the  AIq  3Gao7As  lay¬ 
ers.  Thus,  as  GaAs-layer  thicknesses  decrease,  they  may 
change  from  inherently  n  type  to  effectively  p  type,  with 
the  hole  density  increasing  with  the  inverse  GaAs-layer 
thickness,  with  a  corresponding  change  in  minority  carri¬ 
ers  from  holes  to  electrons.  This  results  in  slow,  ambipolar 
diffusion  in  the  thick  structures,  and  faster,  electron- 
dominated  diffusion  in  the  thin  structures  (  S  1  pm).  These 
results,  with  the  known  material  parameters  for  these 
structures,  are  analogous  to  modulation  doping,*^  wherein 
majority-carriers  in  the  active,  conducting  layer  originate 
from  either  intentional  or  residual  dopants  in  a  different 
layer  of  the  structure.  Physically,  this  effective  p-rype  mod- 
ulaiion  doping  relaxes  the  constraints  of  the  Coulomb  in¬ 
teraction  on  the  ambipolar  diffusion.  The  electrons  move  in 
a  higher  density  sea  of  holes,  so  charge  neutrality  is  pre¬ 
served  without  the  constraints  of  ambipolar  transport. 

The  nonlinear  time  dependence  of  in  Fig.  7  results 
from  the  time  dependence  of  the  photoexcited  carrier  den¬ 
sity.  Initially,  the  photoexcited  carrier  density  in  our  ex¬ 
periments  may  be  as  high  as  -  (2-3)  X  lO'®  cm~^  (due  to 
the  small  laser  spot  size),  which  is  much  larger  than  the 
built-in  carrier  density  in  the  GaAs  layer  for  all  of  our 
samples.  However,  these  carriers  decay,  mostly  radiatively, 
and  their  characteristic  lifetime  decreases  with  the  GaAs- 
layer  thickness.  The  initial  slope  is  indicative  of  ambipolar 
diffusion,  and,  for  thin  samples  (  S0.5  pm),  the  asymp¬ 
totic  slope  is  indicative  of  electron-dominated  diffusion. 
We  find  that  the  time  decay,  after  the  “delta-function-like” 
excitation  pulse,  at  which  the  carrier  transpon  changes 
from  ambipolar  to  electron-dominated  diffusion  decreases 
with  GaAs-layer  thickness.  This  charactenstic  time  is  de¬ 
termined  by  the  time  delay  at  which  the  photoe.xcited  car¬ 
rier  and  built-in  carrier  density  are  approximately  equal. 
Thus,  the  change  in  slope  of  the  data  for  each  structure  in 
Fig.  7  occurs  at  earlier  times  after  pulsed  photoexcitation 
for  decreasing  Ga.As-layer  thicknesses,  due  to  the  increas- 
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FIG.  8.  Room-temp«rature  electron  and  hole  diffusion  consunts  vs  GaAs 
layer  thickness  obtained  from  analysis  of  data  in  Fig.  7.  Corresponding 
mobilities  were  obtained  using  nondegenerate  Einstein  relation.  Horizon¬ 
tal  lines  represent  reported  electron  and  hole  mobilities  obtained  electri¬ 
cally  in  high-purity-n-  and  p-type  GaAs  (see  Refs.  51  and  52). 

ing  hole  density  accompanying  the  p-type  modulation  dop¬ 
ing.  This  change  in  slope  is  indicative  of  a  transition  from 
ambipolar  to  free-electron-dominated  diffusion.  Earlier,  we 
noted  a  factor  of  ~  nine  difference  in  the  observed  trans¬ 
port  in  our  9.82  and  0.30  pm  samples.  This  results  prima¬ 
rily  from  the  difference  in  minority-carrier  mass  in  these 
samples,  holes  versus  electrons,  respectively. 

These  results  may  also  be  compared  and  contrasted 
with  electrical  transport  measurements  in  GaAs.  These 
electrical  measurements  quantify  the  majority-carrier 
transport  properties  and  are  usually  reported  as  mobilities, 
whereas,  in  contrast,  optical  measurements  of  carrier  trans¬ 
port  are  dominated  by  the  minority  carriers.  Electrical 
measurements  of  majority-carrier  electron  transport  in  n 
type  GaAs  may  thus  be  compared  to  optical  measurements 
of  minority-carrier  electron  transport  in  p-type  GaAs,  and 
vice  versa.  Using  the  nondegeneiatc  Einstein  relation*' 


our  measurements  of  carrier  diffusion  can  be  correlated 
with  electrical  transport  measurements.  The  results  of  our 
fits  to  the  data  of  Fig.  6  using  Eqs.  ( 7 )  and  ( 8 )  are  shown 
in  Fig.  8.  yielding  average  electron  and  hole  mobilities  of 
—  5000  cm'/V  s  and  —  350  cm'/V  s,  respectively.  Typical 
results  for  electron  and  hole  mobilities,  obtained  electri- 
cally,*'’-'  are  shown  as  horizontal  lines  in  Fig.  8.  Our  re¬ 
sults  are  therefore  reasonably  consistent  with  electrical 
measurements  of  mobilities  reported  in  the  literature.  In 
addition.  300  K  Hall  measurements  in  our  9.82  pm  struc¬ 
ture  yield  electron  mobilities  of  5800  cm'/V  s.  in  e.xcellent 
agreement  with  our  optical  results. 

An  important  quantity  characterizing  minonty-carrier 
transport  is  the  minority-carrier  diffusion  length.  Lp 
=  ^  Dr.  This  may  be  calculated  as  a  by-product  of  our 
minority-carrier  kinetic  and  transport  measurements.  Ta- 
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TABLE  1.  Summary  of  experimental  results  vs  Ga.As-layer  ihu-kneM 


OaAs 

thickness 

l^im) 

Lifetime 

(ns) 

Diffusion 

constant 

(cmv's) 

Mobility 
(cm'/V  s) 

Diffusion 

length 

(mid) 

Interface 

scattering 

events 

982 

2511.3 

5.7 

219.7 

37.8 

3.9 

4.72 

1181.'' 

5.3 

205.0 

25.0 

5.3 

:.(» 

1117.5 

8.7 

335.8 

31.1 

15  6 

1  00 

827.7 

183  7 

7104.9 

123.3 

123.3 

0.49 

297.3 

103  4 

3997.9 

55  43 

113.1 

0.30 

213.2 

108.1 

4182.4 

48.0 

160.0 

0  15 

100.1 

84.2 

3256.4 

29.0 

193.5 

0  118 

28.1 

116.3 

4496.9 

18.1 

153.1 

0.0575 

3.5 

121.3 

4692-3 

6.5 

113.4 

0.0310 

1.7 

9.7 

374.5 

1.3 

41  3 

ble  I  shows  the  obtained  values  of  lifetim- ,  diffusion  coef¬ 
ficient,  mobility,  and  diffusion  length  foi  these  samples. 
These  diffusion  lengths  are  also  shown  in  Fig.  9.  The  de¬ 
crease  in  as  d  decreases  results  from  the  decrease  in 
minority-carrier  lifetime  due  to  modulation  doping.  is 
large  enough  in  all  samples  such  that  the  carriers  may 
scatter  from  both  heterointerfaces  many  times  during  then 
lifetimes  (especially  for  the  thin  structures),  indicative  of 
high  heterointerfacial  quality.  Our  results  indicate  that  mi¬ 
nority  carriers  scatter  from  heterointerfaces  up  to  —200 
times  during  their  lifetime,  thus  proving  the  e.xceptional 
quahty  of  these  heterointerfaces. 

C.  Carrier  dynamics  and  recombination  kinetics 

We  may  now  correlate  these  minority-carrier  diffusion 
dynamics  with  the  decay  kinetics  to  verify  consistency 
First,  consider  our  thickest  structure,  the  9.82  pm  struc¬ 
ture.  We  find  the  decay  kinetics  are  bimolecular.  whereas 
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d  '.im' 

FIG.  9.  Room-temperature  diffusion  lengths  obtained  from  our  transpcn 
and  time-decay  results  for  all  Ga.As/.AI^  iGa^ -As  double  heterostrac- 
tures.  Dashed  lines  represent  a  slope  of  1.  and  are  indicative  of  majontv- 
carrier  limited  lifetimes,  and  hence  diffusion  lengths 
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the  diffusion  is  ambipolar  and  slow.  For  this  structure  the 
effects  of  ‘>*type  modulation  doping”  mentioned  above  are 
negligible  since  the  GaAs  layer  thickness  is  larger  than 
twice  the  depletion  width  for  a  single  p-n  junction.  There¬ 
fore,  the  rate  equation  for  the  decay  kinetics,  Eq.  (2),  may 
be  simplified  and  reduced  to 


'nr  ** 


(10) 


yielding  initial  bimolecular  decays  for  the  minority  holes 
and  an  exponential  tail  governed  by  interface  recombina¬ 
tion.  The  corresponding  ambipolar  diffusion  equa  on,  Eq. 
(8),  becomes 


ID.Dk 

D,+  D,’ 


(11) 


with  the  diffusion  dominated  by  the  slow,  diffusing  holes, 
in  agreement  with  our  data. 

Now  consider  one  of  the  thinner  structures,  the  0.30 
pm  structure.  We  find  the  decay  kinetics  are  rigorously 
exponential,  whereas  the  diffusion  is  initially  slow  but  dras¬ 
tically  increases  aft.A  about  100  ns.  In  this  case  the  effects 
of  effective  p-type  modulation  doping  are  very  important. 
(The  built-in  hole  density  po  is  large.)  The  rate  equation 
for  the  decay  kinetics  for  minority  carriers,  now  electrons, 
may  be  simplified  and  reduced  to 


S|  -f-Si 


(12) 


yielding  rigorously  exponential  decays  with  a  lifetime  dom¬ 
inated  by  the  term  Bp^.  The  corresponding  simplification 
of  the  carrier  diffusion  equation  yields 


D,-D,. 


(13) 


Thus,  the  diffusion  at  late  times  is  electron  dominated  and 
fast,  again  consistent  with  our  data. 


D.  Interface  recombination  velocity 

Before  any  calculations  of  interface  recombination  ve¬ 
locities  are  made,  the  validity  of  our  phenomenological 
treatment  of  interface  recombination  must  be  confirmed. 
The  term  [(5, -(-5;)/d]  in  the  recombination  rate  equation 
represents  the  nonradiative  decay  of  carriers  at  each  het¬ 
erointerface.  This  simple  phenomenological  term  arises 
from  the  boundary  conditions  to  the  solution  of  the  classi¬ 
cal  diffusion  equation,  yielding  a  term 

d-  d  y' 

(actually  an  approximation  accurate  within  5%).’°  By  as¬ 
suming  that  the  distance  between  heterointerfaccs  is  small 
compared  to  the  minority-carrier  diffusion  coefficient,  (5] 
~Si)  4,rr D/d.  this  may  be  approximated  as  (5|-r52)/d. 
Essentially  this  approximation  holds  in  the  limit  of  thin 
structures  (compared  to  the  diffusion  length),  whereas  the 
term  d’/tr  Z)  becomes  important  in  thick  structures  (com¬ 
parable  to  the  diffusion  length).  The  results  shown  in  Table 
I  confirm  this  approximation.  We  find  that  the  smallest 
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FIG.  10.  I'lot  of  the  room-temperature  lifetimes  obtained  from  fits  to  the 
decay  lunetics  with  Eq.  ( 3 )  vs  inverse  Ca.\s  layer  thickness.  Dashed  line 
represents  decay  kinetics  dominated  by  p-vype  modulation  doping, 
whereas  solid  line  represents  surface  recombination.  Lmear  fits  to  the  data 
for  thick  structures  yield  an  uiterface  recombination  velocity  ttf  s40 
cm/s. 

obtained  value  of  (ir^D/d)  is  =43  000  cm/s  (in  the  9.82 
pm  structure).  So,  as  long  as  (^j-i-Sj)  is  much  less  than 
43  000  cm/s,  this  approximation  is  valid. 

In  the  limit  of  thin  structures,  i.e.,  the  quantum  limit, 
this  phenomenological  picture  of  interface  recombination 
is  clearly  not  sufficient.  Here,  the  carriers,  actually  exci- 
tons,  are  affected  by  the  potential  barriers  and  any  interfa¬ 
cial  decay  at  the  same  time.  Thus,  d  becomes  a  meaningless 
quantity.  The  dynamics  of  earner  transport  influenced  by 
quantum  confinement  cannot  be  modeled  classically.  Fur¬ 
ther,  lifetime  comparisons  between  bulk  and  quantum  well 
systems  are  meaningless  to  calculations  of  interface  recom¬ 
bination  velocities."^  An  adequate  model  of  interface  re¬ 
combination  in  the  quantum  limits  does  not,  to  our  knowl¬ 
edge,  exist,  and  the  plethora  of  reports  in  the 
literature'"”'^  ’  ”  of  interface  recombination  velocities  in 
quantum  wells  are  without  foundation. 

With  our  room-temperature  decay  kinetics  and  life¬ 
time  measurements  in  these  structures,  together  with  our 
minority-carrier  transport  results,  we  may  calculate  the 
interface  recombination  velocity  for  our  samples.  Equation 
(4)  shows  that  by  plotting  the  inverse  lifetime  versus  1/d, 
the  GaAs-layer  thickness,  the  average  interface  recombi¬ 
nation  velocity  [5=  ((5i  —5;)]  may  be  calculated  from  the 
slope  of  the  linear  fit.  In  Fig.  10.  our  lifetimes  are  plotted  in 
this  manner,  and  the  data  clearly  do  not  lie  on  a  straight 
line.  The  effective  p-type  modulation  doping  which  is  im¬ 
portant  for  structures  thinner  than  1  pm.  causes  the  first 
term  on  the  right-hand  side  of  Eq.  (4)  to  become  domi¬ 
nant,  with  Pq  now  varying  inversely  with  Ga.As-layer  thick¬ 
ness.  The  linear  behavior  (dashed  line)  observed  for  thin 
structures  is  therefore  determined  by  this  thickness- 
dependent  term,  yielding  a  different  slope  than  the  lifetime 
results  for  samples  dominated  by  interface  recombination 
(solid  line).  Equation  (4)  may  lead  to  three  different  cases; 
( 1 )  Bp()  dominant,  leading  to  the  steep  slope  shown  in  Fig. 
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10  as  a  dashed  line.  (2/5  dominant,  leading  to  the  shallow 
slope  (in  our  case)  depending  on  the  magnitude  of  the 
nonradiative  interface  recombination,  and  (3)  domi¬ 
nant,  leading  to  lifetimes  independent  of  Ga.\s-layer  thick¬ 
ness.  Consequently,  the  interface  recombination  velocity 
should  only  be  calculated  from  the  measured  lifetimes  for 
the  thick  structures  (d5  1  yim). 

The  longest  band-to-band  recombination  lifetimes  re¬ 
ported  by  Nelson  and  Sobers,""*  were  for  a  16-^m  LPE- 
grown  -AJo.jGao  ^As/GaAs/Alo jGao  7AS  double  hetero¬ 
structure.  The  kinetics  were  e.xponential  over  four  decades 
with  a  lifetime  of  1.3  yts.  In  contrast,  decay  kit  'tics  for  our 
thickest  structure,  9.82  /rm,  were  bimolecular  with  an 
asymptotic  lifetime  of  —2.5  yis.  Hence,  our  results  are  ef¬ 
fectively  four  times  longer  than  those  of  Nelson  and  So¬ 
bers.^*  Further,  their  reported  interface  recombination  ve¬ 
locities  are  somewhat  ambiguous.  As  noted  earlier,  LPE- 
grown  heterostructures  have  graded  interfaces,  so  carriers 
do  not  see  a  well-Jcfined  distance  between  the  two  hetero¬ 
interfaces.  This  is  a  flaw  in  their  otherwise  e.xcellent  exper¬ 
iments. 

We  have  shown  here  that  the  kinetics  of  band-to-band 
recombination  in  GaAs  structures  are  very  complicated.  So 
while  there  are  reported  lifetimes  as  long  as  14  /rs  in  some 
GaAs  structures,"'  no  complete  study  of  the  kinetics  has 
been  attempted.  Our  detailed  and  systematic  study  demon¬ 
strates  that  a  single  lifetime  measurement  is  not  sufficient 
to  fully  characterize  the  recombination  kinetics  of  a  sam¬ 
ple.  Moreover,  measurements  of  lifetimes  and  subsequent 
repons  of  interface  recombination  velocities  in  thin  struc¬ 
tures,  such  as  quantum  wells  and  superlattices,  are  entirely 
meaningless.  There  are  many  effects  such  as  the  reduced 
dimensionality  of  these  structures,  which  significantly  alter 
the  oscillator  strengths  and  hence  recombination  lifetimes. 
Funher,  the  concept  of  "distance  between  heterointer¬ 
faces,"  which  is  critical  to  calculations  of  interface  recom¬ 
bination  velocities,  becomes  ill-defined  for  quantum  struc¬ 
tures. 

E.  Photon  recycling 

Some  have  suggested  that  the  band-to-band  recombi¬ 
nation  kinetics  in  thick  GaAs  structures  may  be  signifi¬ 
cantly  affected  by  photon  recycling  (PR).""’’"’  This  res¬ 
onant  radiative  reabsorption  and  subsequent  reemission  of 
photons  may  cause  a  lengthening  of  the  observed  lifetime, 
and  increases  in  importance  as  the  GaAs-layer  thickness 
increases.  The  effects  of  PR  are  quite  complicated  and  the 
possibly  drastic  change  in  decay  kinetics  are  critically  de¬ 
pendent  on  experimental  and  sample  geometry.  Because  of 
the  thickness  dependence  of  several  factors  which  may  af¬ 
fect  the  recombination  kinetics,  the  effects  of  PR  are  ex¬ 
tremely  difficult  to  isolate.  PR  is.  however,  generally  rec¬ 
ognized  to  be  negligible  for  Ga.4s-layer  thicknesses  less 
than  the  charactenstic  absorption  length. 

Here,  we  consider  the  importance  of  PR  in  our  sam¬ 
ples,  especially  our  thickest  samples  (  S  1  urn).  Samples 
with  Ga.A,s-layer  thicknesses  less  than  —  1  /rm  are  unam¬ 
biguously  unaffected  by  PR.  Because  PR  depends  cntically 
on  the  absorption  length  at  each  wavelength,  PR  manifests 


Itself  as  a  red  shift  in  the  PL  spectra  for  increasing  GaAs- 
layer  thicknesses.’*  We  have  not  observed  any  shift  or  dif¬ 
ferences  in  the  PL  spectra  for  samples  with  GaAs  thickness 
from  0. 1  to  10  0  ^m,  as  is  evidenced  in  Fig.  3.  PR  should 
also  affect  our  measurements  of  minoriiy-carrier  transport, 
leading  to  anomalously  high  results  for  the  minonty- 
carrier  diffusivities  and  corresponding  mobilities.  Our 
minority-earner  transport  results  are  well  understood  and 
;n  excellent  agreement  with  electrical  mobility  measure¬ 
ments.  Consequently,  we  find  no  evidence  for  PR  m  these 
samples.  Additionally,  lifetime  measurenxnts  at  low  tem¬ 
peratures  in  thin  samples  (  5  1  /rm),  where  PR  is  clearly 
and  unambiguously  negligible,  yield  lifetimes  up  to  15  ^s.” 
Thus,  there  is  a  clearcut  case  for  long  lifetimes  in  samples 
where  PR  is  completely  negligible.  Finally,  our  kinetic 
measurements  were  performed  with  a  defocused  laser  beam 
(  —  3  mm),  and  the  backscattered  PL  was  detected  only- 
over  a  narrow  range  of  this  spot  ( 200  fim  spectrometer  slits 
and  -4x  magnification  of  the  PL  image),  thus,  e.xcluding 
possible  detection  and  measurement  of  PR  effects  in  the 
direction  paralle  to  the  heterointerfaces.  Thus,  not  only  do 
we  find  no  evidence  for  PR  in  these  samples,  we  find  that 
all  of  these  results,  taken  together,  definitively  exclude  the 
possibility  of  PR  from  affecting  our  measured  results. 

F.  Shockley-Read-Hall  recombination 

Ahrenkiel  e:  u/.’’  have  shown,  quite  convincingly,  that 
Shockley-Read-Hall  recombination  at  impurities  may  be 
dominant  in  some  structures  under  some  excitation  condi¬ 
tions.  This  recombination  mechanism  involves  the  nonra¬ 
diative  recombination  of  free  carriers  at  midgap  or  other 
defect  levels.  They  find  anomalous  decay  kinetics  at  high 
e.xcitation  densities  in  moderately  doped  structures  (  ^  lO' 
cm”'),  wherein  the  effective  observed  lifetime  becomes  the 
sum  of  majority-  and  minority-carrier  lifetimes.  They  thus 
observe  an  intensity-dependent  increase  in  lifetimes  with 
injection  level,  and  mode!  these  effects  as  resulting  from  the 
saturation  of  rec'^mbination  centers.  In  our  experiments  we 
find  these  effects  are  entirely  and  completely  neghgible  for 
several  reasons.  First,  our  samples  were  of  relatively  high 
purity  (  ~  100  times  more  pure  than  those  of  Ahrenkiel 
etal.'  ).  Second,  our  optical  injection  levels  were  5  150 
times  smaller  than  th  'ir  smallest  pump  powers  ( 3  mm  spot 
size  and  0. 1  rJ  per  pulse  versus  1  mm  spot  size  and  s  5  nJ 
per  pulse).  Under  these  experimental  conditions,  even  they 
do  not  observe  the  effects  of  Shockley-Read-Hall  recom¬ 
bination.  Thus,  our  room-temperature  decay  kinetics  are 
truly  intrinsic,  and  not  defect  mediated.  Further,  our  mea¬ 
sured  liftjmes  reflect  the  true  minority-carrier  lifetime. 

IV.  SUMMARY 

In  summary,  we  have  shown  that  the  room- 
temperature  decay  kinetics  and  spatial  transport  of  carriers 
in  our  Ga.As/.Alg  jGa,j  r.-^s  double  heterostructures  are  well 
understood.  We  have  observed  decay  kinetics  which  sys¬ 
tematically  change  from  bimolecu'ar  to  exponential  versus 
time  and  decreasing  GaAs-layer  thickness.  We  find  all 
minonty-carrier  transport  to  be  diffusive,  and  in  agreement 
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with  corresponding  electrically  determined  mobilities.  We 
observe  carrier  distributions  that  expand  macroscopically 
from  ~  3  (im  to  over  300  /zm  FWHM.  Further,  we  find 
differences  in  the  minority-carrier  diffusion  among  the 
samples,  which  are  interpreted  and  understood  in  terms  of 
the  carrier  kinetics  and  the  effects  of  effective  p-type  mod¬ 
ulation  doping.  Carrier  diffusion  in  thick  structures  is  am- 
bipolar,  whereas  in  thin  structures  (  ^O.S  /zm)  it  is  time 
dependent,  becoming  electron  dominated,  and  much  faster 
(by  a  factor  of  ~10)  than  in  the  thicker  structures.  Dif¬ 
fusion  lengths  of  ^  100  /zm  in  these  samples  indicate  that 
carriers  may  scatter  many  times  from  both  heterointerfaces 
during  their  lifetime,  indicative  of  superior  hete.  ointerfa- 
cial  quality.  The  decay  kinetics  and  spatial  expansion  of 
carriers  qualitatively  and  quantitatively  agree  and  concur 
with  electrical  measurements  of  carrier  transport.  We  find 
no  evidence  for  the  effects  of  photon  recycling  in  our  re¬ 
sults,  and  assert  that  these  effects  are  negligible  in  our  sam¬ 
ples.  Further,  we  have  shown  that  measurements  of  inter¬ 
face  recombination  velocities  may  be  ambiguous  if  the 
carrier  dynamics  and  recombination  kinetics  are  not  stud¬ 
ied  in  detail,  as  we  have  done  here.  Our  resulting  interface 
recombination  velocity  ( =40  cm/s)  and  lifetimes  (2.S  /zs 
for  the  9.82  ;zm  structure)  are  among  the  lowest  and  long¬ 
est,  respectively,  for  any  GaAs/Al^Ga,__rA.s  structure  to 
date. 
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We  have  studied  minority-carrier  electron  and  hole  transport  versus  temperature  (30-300  K)  in  a 
series  of  undoped,  “interface-free,"  GaAs/ AJo.  jGao  -  As  double  heterostructures  prepared  by  organome- 
tallic  vapor-phase  epiuxy,  with  GaA  thicknesses  from  D.  I  to  10  fsm.  This  was  achieved  using  an  all- 
optical,  time-resolved  phoioluminescence-imaging  technique  with  a  spatial  resolution  of  S  3  fsm,  tem¬ 
poral  resolution  of  ~S0  ps,  and  spectral  resolution  of  <  1  cm~'.  This  technique  allows  direct  deter¬ 
mination  of  minority-carher  transport  properties,  and  is  superior  to  electrical  transport  measurement 
techniques  in  that  it  is  contactless,  may  distinguish  between  diffusive  and  nondiffusive  carrier  motion, 
and  has  high  temporal  and  spectral  resolution.  We  Snd  all  transport  (electron  and  hole)  in  these  struc¬ 
tures  to  be  diffusive.  Specifically,  transport  in  thick  structures  (  ^O.S  fstn)  is  hole-dominated  ambipolar 
diffusion,  whereas  in  thinner  structures  i  SO. 5  ftm)  we  observe  a  time-dependent  transition  from  ambipo¬ 
lar  to  electron-dominated  diffusion.  Minority-carrier  mobilities  derived  from  these  diffusion  measure¬ 
ments,  from  300  to  ~30  K,  are  in  excellent  agreement  with  both  electron  and  hole  majority-carrier 
mobilities.  Furthermore,  fits  to  the  temperature-dependent  mobilities  yield  deformation  potentials  in 
agreement  with  published  electrically  derived  values. 


I.  INTRODUCTION 

Carrier  transpon  in  semiconductors  is  most  commonly 
studied  through  Hall  measurements.’"*  This  technique 
has  been  used  ubiquitously  to  study  majority-electron 
and  -hole  transport  in  high-purity,  bulk  GaAs,*  un¬ 
doped  GaAs/Al,Ga,_,As  quantum  wells  (QW’s),’  ‘° 
modulation-doped  GaAs/.Al,Ga.  As  QW  structures," 
and  two-dimensional  (2D'  electron  and  hole  gas  (2DEG 
and  2DHG.  respectively)  transport  in  modulation-doped 
single  GaAs/Al;,Ga)_,.As  heterojunction  struc¬ 
tures.'""’*  Despite  the  obvious  accomplishment  of  the 
Hall  technique,  there  are  other  measurement  techniques 
equally  capable  of  quantifying  carrier  transport.  Recent¬ 
ly,  an  all-optical  photoluminescence  (PL)  imaging  tech¬ 
nique,  analogous  to  the  classical  Haynes-Shockley  e.xperi- 
ment,^°  has  been  used  to  measure,  directly,  carrier  trans- 
pon;^'"^*  however,  here,  in  contrast  to  electrical  mea¬ 
surement  techniques,  the  observed  transport  is  dominated 
by  minority  carriers  (rather  than  majority  carriers). 
Many  varieties  of  this  PL-imaging  technique,  each  with 
distinct  advantages  and  disadvantages,  have  been  used  to 
measure  transport,  including  time-of-flight  measure¬ 
ments,^*  masked-PL  imaging,**  and  direct-PL  imag- 
ing.*’'*'* 

In  this  paper  we  use  an  all-optical,  time-resolved  PL- 
imaging  technique  to  study  electron  and  hole  transport  in 
ideal,  “interface-free"  GaAs  structures.  We  measure, 
directly,  the  transport  of  minority  carriers  and  examine, 
side  by  side,  our  optically  determined  diffusivities,  as 
equivalent  mobilities,  with  electrically  determined  mobili¬ 
ties  in  comparable  structures.  Our  results,  from  —  30  K 
to  room  temperature,  are  in  excellent  agreement  with 


classically  derived  majority-carrier  mobilities.  Thus,  we 
find  minority-carrier  and  majority-carrier  transport,  i.e., 
holes  in  n-type  GaAs  and  holes  in  p-type  GaAs,  quantita¬ 
tively  identical,  contrary  to  some  predictions.** 

II.  EXPERIMENT 

Our  samples  were  simple  GaAs/Alo  jGa^  7AS  double 
heterostructures.  Such  structures  were  chosen  for  several 
reasons.  First,  the  wider  band-gap  Alo  ^Ga^  -As  layers 
effectively  confine  photoe.xcited  carriers  to  the  Ga.As  lay¬ 
er,  thereby  eliminating  major  nonradiative  decay  pro¬ 
cesses  which  may  occur  at  the  substrate  and  free  sur¬ 
face.  In  addition,  we  find  nonradiative  decay  at 
GaAs/Alo  3Gao  7AS  heterointerfaces  to  be  virtually 
nonexistent  in  these  ideal  structures,**  yielding  minority- 
carrier  lifetimes  which  are  extremely  long  (  >  2. 5  ps)  and 
PL  efficiencies  which  are  very  high  (10*- 10*  greater  than 
for  bare  GaAs  epilayers).  Second,  AIq  3Gao  7AS  layers  are 
transparent  to  near-resonant  excitation  of  the  GaAs  lay¬ 
er.  Therefore,  photoexcited  carriers  are  generated  solely 
in  the  GaAs  layer,  and  our  measured  results  characterize 
the  transport  in  the  active-GaAs  layer  only — thereby 
eliminating  the  common  difficulty  in  Hall  measurements 
of  determining  the  location  of  the  conducting  layer  or 
channel.  Lastly,  such  simple  structures  ease  the  interpre¬ 
tation  of  results.  The  samples  were  grown  by  organome- 
tallic  vapor-phase  epitaxy  (OMVPE)  at  750  *C,  at  a  cali¬ 
brated  growth  rate  of  =350  A/min.  All  layers  were 
nominally  undoped;  Al^ ^Ga^  lAs  layers  were  p  type 
(  ~-3X  10‘*  cm"*)  and  0.5  pm  thick,  while  GaAs  layers 
were  n  type  (-IXIO"  cm"*)  with  thicknesses  ranging 
from  0.1  to  10.0  pm. 
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FIG.  1.  (a)  Experimental  setup  for  spatially  resolved  PL  mea¬ 
surements  (LI-LS,  lenses;  BS,  beamsplitter;  5,  sample;  Il,J2, 
PL  images;  and  R,  refractory  block),  (b)  Spatial  calibration  of 
oiT  system,  obtained  using  a  quartz  disk  in  place  of  the  sample, 
onto  'vhich  aluminum  squares  (115X115  fim~,  and  50-/im  spac¬ 
ing)  were  evaporated  (inset);  this  was  then  backlighted  and  im¬ 
aged,  while  simultaneously  focusing  the  laser  to  a  3.S-^m  spot 
size  on  one  of  the  aluminum  squares. 

Our  all-optica!  technique  for  time-resolved  PL  imaging 
of  minority-carrier  transport  requires  excitation  and  im¬ 
aging,  tn  a  confocal  manner,  through  a  specially  designed 
microscope.  Figure  Kal  illustrates  the  experimental  ap¬ 
paratus.  A  mode-locked,  synchronously  pumped  cavity- 
dumped  dye  laser  (tunable  from  6400  -  8400  A)  with  a 
pulse  width  of  '  1  ps  was  used  as  a  source  of  photoexci¬ 
tation,  with  peak  excitation  densities  possibly  reaching 
~-5X  lO'®  cm“^  Lenses  L3,  Z.4,  and  L5  form  our  “PL- 
imaging  microscope,”  whereas  lenses  LI,  LI,  and  L 3 
form  our  “laser  focusing  microscope."  The  system  was 
designed  with  near-diffraction-limit  focusing  of  the  laser 
beam,  magnification  (of  the  PL  image)  of  -20X,  and 
light-collecting  /-number  matched  for  the  composite 
optical-imaging  system,  including  the  spectrometer. 
Scanning  of  the  PL  image  across  the  spectrometer  en¬ 
trance  slit  was  performed  through  rotation  of  a  Plexiglas 
block,  R.  and  its  corresponding  refraction  of  the  back- 
scattered  luminescence.  Linearity  in  the  imaging  plane 
was  confirmed  over  a  sample  spatial  range  of  —400  ;zm; 
Fig.  Kb)  shows  such  spatial  calibration  of  this  system. 
For  this  calibration,  a  quartz  disk,  onto  which  aluminum 
squares  were  photolithographically  defined  and  evaporat¬ 
ed,  was  placed  in  the  sample  position.  This  calibration 
disk  was  then  back  lit  with  white  light,  while  simultane¬ 
ously  focusing  the  laser  beam  onto  one  of  the  aluminum 
squares — thus  yielding  a  "negative”  image  of  the  squares 
with  a  ‘‘8-function”  spike  in  the  center  (distance=0  /zm) 
corresponding  to  the  focused  laser-beam  spot.  The  re¬ 
sulting  overall  spatial  resolution  was  —3  /xm — thus  near 
diffraction  limit. 


wavelength  ill 


TIME  ijis) 

FIG.  2.  la)  Room-temperature  PL  spectrum  for  the  9.82-/im 
GaAs-layei  thickness  double  heterostructure.  Solid  line 
represents  a  Maxwell-Boltzmann  fit,  yielding  the  electronic  tem¬ 
perature  T,.  (b)  Room-temperature  PL  time  decay  for  the 
9.82-xim  double  heterostructure.  Solid  line  represents  least- 
squares  fit  to  the  data  with  a  bimolecular  rate  equation,  yielding 
the  2.5-^s  lifetime  characteristic  of  the  exponential  tail. 

III.  ROOM-TEMPERATL'RE  RESULTS 

A  typical  room-temperature  PL  spectrum,  together 
with  the  corresponding  time  decay  from  the  same  9.82- 
/xm-thick  double  heterostructure  sample,  is  shown  in  Fig. 
2.  We  find  relatively  intense  PL  resulting  from  free- 
carrier.  band-to-band  recombination.  Fits  to  the  high- 
energy  side  with  the  Maxwell-Boltzmann  expression — 
indicative  of  thermalized  band-to-band  recombination — 
yield  electronic  temperatures  virtually  equal  to  the  mea¬ 
sured  and  known  lattice  temperature.  Decay  kinetics  for 
these  structures  are  somewhat  more  complicated  and 
dependent  upon  the  GaAs-layer  thickness,  but  indepen¬ 
dent  of  PL-emission  energy.  We  find  that  all  decay  kinet¬ 
ics,  at  all  temperatures,  are  well  understood  and  accurate¬ 
ly  modeled  by  rate  equations  for  free-carrier  recombina¬ 
tion*'  (optical  properties  are  dominated  by  minority  car¬ 
riers).  Further,  lifctimes  obtained  from  fits  to  the  data, 
representing  the  exponential  tail  of  the  decay,  are  ex¬ 
tremely  long  (  S2.5  /xs).'*'^^  These  fully  understood  de¬ 
cay  kinetics,  long  lifetimes,  and  high  PL  efficiencies  are 
crucial  in  making  possible  studies  such  as  ours  discussed 
below. 

Figures  3ia)  and  3(b)  show  time-  and  spatially-resolved 
PL  distributions  for  our  9.82-  and  0.30-/xm-thick  double 
heterostructures  at  300  K.  These  data  clearly  show  that 
the  PL  distribution,  and,  hence,  minority-carrier  spatial 
distribution,  expands  spatially  with  increasing  time.  If 
this  minority-carrier  transport  should  be  diffusive,  then 
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FIG.  3.  Room-temperature  time-resolved  PL  distributions. 
Solid  lines  represent  Gaussian  fits  to  data,  with  FWHM  vs  time 
shown,  (a)  Results  for  double  heterostnicture  with  9.82-#im 
GaAs-layer  thickness;  (b)  results  for  double  heterostnicture 
with  0.30-pim  GaAs-layer  thickness. 


its  spatial  distribution  should  evolve  in  time  according  to 
the  appropriate  diffusion  equation.  Because  our  imaging 
technique  only  resolves  the  in-plane  (parallel  to  the 
heterointerface)  motion  of  carriers  and  our  observed 
transport  occurs  over  distances  much  larger  than  the 
GaAs-layer  thickness,  we  use  the  cylindrically  sym¬ 
metric,  two-dimensional  diffusion  equation, 

,  (1) 

df  I" 

to  model  the  observed  transport.  The  time-dependent 
minority-carrier  spatial  distributions  may  be  obtained 
analytically  from  (1)  as 


p(r,f  )= 


4Dt+^l 


exp 


—  r‘ 

4Dt+^l 


exp 


(2) 


where  Aq  is  the  initial  (r=0)  iriir.jrity-carrier  distribu¬ 
tion,  D  is  the  diffusion  constant,  and  t  is  the  minority- 
carrier  lifetime.  Here,  we  have  assumed,  for  simplicity, 
that  minority  carriers  decay  exponentially.  This  is  clearly 
not  the  case  for  all  of  our  structures  at  all  temperatures 
(e.g.,  bimolecular  decays — see  Fig.  2).  However,  we  find, 
through  numerical  modeling,  that  with  our  experimental 
conditions  these  additional  complexities  yield  virtually 
negligible  modifications  to  the  spatial  distributions,  in 
agreement  with  Olsson  et  al.^'  Further,  such  Gaussian 
distributions  accurately  model  our  data,  indicated  by  the 
solid  lines  in  Fig.  3.  Most  conspicuously,  observed 
minority-carrier  distributions  expand  macroscopically 


FIG.  4.  Gaussian  PL  Ftfc’HM  squared  vs  lime  A(i)^,  for  all 
GaAs/Alo  }Gao  7 As  double  heterostructures  at  room  tempera¬ 
ture;  lines  represent  fits  to  the  data,  as  discussed  in  text. 


from  an  initial  full  width  at  half  maximum  (FWHM),  Aq, 
of  “-4  fim  to  over  300  nm  during  the  minority-carrier 
lifetime. 

We  may  further  quantify  these  data  by  plotting  the 
squared  PL  FWHM  versus  time,  A^(t),  after  the  laser 
pulse,  with  results  for  all  samples  studied  shown  in  Fig.  4. 
For  diffusive  transport,  and  corresponding  Gaussian  spa¬ 
tial  distributions,  A^  should  vary  linearly  with  time  as 

A^(t)  =  [161n(2)]D,r-r41n(2)A^  .  (3) 

Figure  4  shows  that  our  transport  data  are  not  linear 
versus  time  for  all  samples,  but  are  for  some,  with  clear, 
systematic  trends  for  decreasing  GaAs-layer  thicknesses. 

Results  in  Figs.  3  and  4  seem,  initially,  to  be  somewhat 
contradictory.  The  rigorously  Gaussian  PL  distributions 
of  Fig.  3  reflect  the  occurrence  of  diffusive  transport  for 
the  relatively  wide  structures  of  GaAs  thickness  SO. 30 
(xtn.  whereas  more  nonlinear  behavior  found  in  Fig.  4  for 
some  narrower  GaAs  layers  does  not.  All  of  these  results 
may,  nonetheless,  be  understood  in  the  context  of  Eqs. 
tl)-(3).  by  taking  into  account  the  time-dependent  (and 
carrier-density-dependent)  ambipolar  diffusion  constant 
Dj.  The  ambipolar  diffusion  constant  may  be  expressed 
as 

ln+naiD,-^i,p~po)D), 

where  /3,  iDf,)  is  the  electron  (hole)  diffusion  constant,  n 
ip)  is  the  photoexcited  electron  (hole)  density,  and  /tg  (pg) 
is  the  built-in  electron  (hole)  density.  Equation  (4)  shows 
that  Dj  depends  not  only  on  the  electron  and  hole 
diffusion  constants,  but  the  “relative”  densities  of  elec¬ 
trons  and  holes.  For  nearly  intrinsic  or  high-purity  ma¬ 
terial  («=p  and  no=:po=0),  is  dominated  by  the 
smaller  diffusion  constant  D^.  Additionally,  Eq.  (4) 
shows  that  may  be  time  dependent  due  to  the  time- 
dependent  electron  and  hole  densities  and  the  nonzero 
built-in  carrier  densities.  Such  carrier-density-  and  time 
dependences  may  be  accounted  for  by  including  (1)  the 
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time-dependent  photoexcited  carrier  densities  obtained  in 
our  kinetic  measurements,  and  (2)  the  static  built-in  car¬ 
rier  densities.  In  so  doing,  we  find  that  the  data  in  Fig.  4 
may  be  accurately  modeled  in  this  way,  with  best  fits 
shown  as  lines  in  the  figure — thus  reconciling  the  initial 
apparent  discrepancies  between  Figs.  3  and  4.  and 
confirming  truly  diffusive  motion.  We  also  find  that  the 
built-in  hole  density  in  the  GaAs  layer  is  not  constant 
versus  GaAs-layer  thickness,  but  drastically  increases  in¬ 
versely  with  GaAs  thickness  to  ~  1 X  lO'*  cm“^  for 
sufficiently  thin  structures  (£0.1  /rm),  whereas  PQ<no 
for  thicker  structures,  consistent  with  our  estima  :d  com¬ 
pensation  ( =40%  ).^* 

In  totality,  these  results  are  consistent  with  the  materi¬ 
al  parameters  we  have  independently  determined  for 
these  structures,  and  are  interpretable  as  an  effective  p- 
type  modulation  doping.  With  the  known  doping  level 
and  thickness  of  each  layer  of  our  structures,  the  p-n 
junction  depletion  width  in  the  GaAs  layer  is  ~0.S  ^m. 
Thus,  holes  from  AJo.3Gao  7AS  layers  may  accumulate  in 
the  GaAs  layer  for  GaAs  layers  thinner  than  approxi¬ 
mately  twice  this  depletion  length  (two  interfaces).  This 
is  analogous  to  modulation  doping,  wherein  majority  car¬ 
riers  in  the  active  layer  originate  from  dopants  (either  in¬ 
tentional  or  residual)  in  another  layer  of  the  heterostruc¬ 
ture.  Accordingly,  thick  structures  (^0.5  nm)  are  in¬ 
herently  n  type,  whereas  thinner  structures  (£0.5  pm) 
are  modulation-doped  p  type,  and  the  minority-carrier 
species  changes  from  holes  to  electrons  for  sufficiently 
thin  structures  (  £0.5  pm).  Thus,  we  observe  a  time- 
dependent  transition  from  ambipolar-  to  electron- 
dominated  transport. 

From  such  analyses  of  our  data,  we  calculate  the  elec¬ 
tron  and  hole  diffusion  constants,  shown  in  Fig.  5.  Addi¬ 
tionally,  using  the  nondegenerate  Einstein  relation, 
p  =  £>  e  /kT,  both  electron  and  hole  mobilities  may  be 
obtained.  (We  will  discuss  later,  in  more  detail,  our 
justification  in  using  the  nondegenerate  form  of  the  Ein- 
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FIG.  5.  Room-temperature  electron  and  hole  diffusion  con¬ 
stants,  and  corresponding  mobilities,  vs  GaAs-layer  thickness 
obtained  from  analysis  of  data  in  Fig.  4.  Horizontal  lines 
represent  typical  electron  and  hole  mobilities  obtained  electri¬ 
cally  in  high-purity  n-  and  p-type  GaAs. 
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FIG.  6.  Diffusion  lengths  vs  GaAs-layer  thickness  at  room 
temperature. 


stein  relation  below.)  We  find  both  electron  and  hole 
mobilities  which  are  independent  of  GaAs-layer  thick¬ 
ness,  and  quantitatively  in  agreement  with  electrical  mea¬ 
surements  on  these  same  samples — p  =  5800  cmWs  for 
electrons  (majority  carriers  in  the  /i-type  GaAs  layer) — 
and  with  reported  values  for  both  electron  and  hole 
mobilities  obtained  electrically  at  room  temperature  (hor¬ 
izontal  lines  in  the  figure). 

Minority-carrier  diffusion  lengths  may  be  obtained  as 
by-products  of  our  decay  kinetics  and  transpon  measure¬ 
ments.  Defined  as  L^  =  VDr,  we  find  minority-electron 
diffusion  lengths  greater  than  100  pm,  and  minority-hole 
diffusion  lengths  of  —35  pm — among  the  largest 
diffusion  lengths  reported  for  any  GaAs  structure.^ 
These  lengths  shown  in  Fig.  6  also  decrease  with  decreas¬ 
ing  GaAs-layer  thicknesses  (£1.0  pm),  and  this  steady 
diminution  may  be  attributed  to  the  rapid  decrease  in 
minority-carrier  lifetime  we  find  for  decreasing  GaAs- 
layer  thickness,^'  and  is  consistent  with  our  asserted  p- 
lype  modulation  doping.  Using  this  information,  the 
heterointerfacial  quality  of  our  structures  may  also  be 
characterized.  We  thus  find  that  carriers  move  extreme 
distances  during  their  lifetime,  and,  thus,  may  scatter 
from  each  heterointerface  many  times  without  decaying 
nonradiatively.  Thus,  our  data  indicate  that  carriers 
scatter  from  these  high-quality  heterointerfaces  up  to 
—  200  times  during  their  lifetime — signifying  that  these 
high-density  heterointerfaces  are  “mirrorlike,”  reflecting 
carriers  without  suffering  and/or  competitive  nonradia- 
tive  decay. 

IV.  TEMPERATURE  DEPENDENCE  (300-30  K) 

Figures  7  and  8  show,  respectively,  the  temperature 
dependencies  of  the  PL  and  PL  decay  kinetics  for  our 
9.82-pm  double  heterostructure.  As  previously  found  at 
room  temperature,  the  observed  emission  results  from 
thermalized  carriers  and,  thus,  radiative  band-to-band 
recombination.  We  find,  again,  these  temperature- 
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fig.  7.  PL  spectra  vs  temperature  for  the  9.82-/4m-thick 
double  heterostructure.  Electronic  temperatures  were  obtained 
from  Maxwell-Boltzmann  fits  to  the  spectra. 

dependent  kinetics,  for  all  structures,  are  fully  described 
by  the  appropriate  temperature-dependent  rate 
equations — taking  into  full  account  possible  carrier 
freezeout. 

The  temperature  dependence  of  the  minority-carrier 
transport  may  be  characterized  and  quantified  in  the 
same  manner  as  our  room-temperature  results.  We  find 
Gaussian  PL-spatial  distributions  at  all  temperatures 
(300-30  K).  Figure  9  shows  A*  versus  time  obtained 
from  such  Gaussian  fits  to  the  data.  These  results,  for 
our  thickest  heterostructure  (9.82  ^im),  are  linear  at  all 
temperatures,  and  thus  represent  the  genuine  diffusive 
transport  of  minority  holes.  Using  Eq.  (3),  we  find  that 
the  derived  diffusion  constant  for  this  minority-hole 
transport  increases  with  decreasing  temperature.  Similar 


FIG.  8.  PL  decay  kinetics  vs  temperature  for  the  double  het¬ 
erostructure  with  a  9.82-/4m  GaAs-layer  thickness.  Lifetimes 
were  obtained  from  fits,  and  correspond  to  the  exponential  tail 
of  the  decay. 


FIG.  9.  Temperature  dependence  of  Gaussian  PL  FWHM 
squared  A‘(i)  vs  time  for  the  9.82-^m  double  beterostructure. 
Solid  lines  represent  linear  least-squares  fits  to  data. 

measurements  for  our  0.30-^m  structure  versus  tempera¬ 
ture  (300-30  K)  yield  results  consistent  with  the  p-type 
modulation  doping  found  at  room  temperature,  thus  al¬ 
lowing  a  determination  of  both  minority-electron  and 
minority-hole  transport,  as  shown  in  Fig.  10.  Here  also, 
we  find  diffusion  constants  [from  fits  to  Eq.  (4)],  for  both 
electrons  and  holes,  which  increase  with  decreasing  tem¬ 
perature. 

Figure  1 1  shows  the  temperature-dependent  minority- 
hole  mobility  obtained  from  the  9.82-^m-thick  hetero¬ 
structure  using  the  nondegenerate  Einstein  relation. 
Here,  the  carrier  temperature  is  assumed  equal  to  the  lat¬ 
tice  temperature  —  thus,  justified  from  our  findings  that, 
at  these  temperatures,  minority-carrier  lifetimes  are 
sufficiently  long  to  allow  complete  carrier  cooling  to  the 
lattice  temperature,  as  has  been  evidenced  in  the  PL 
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FIG.  10.  Temperature  dependence  of  Gaussian  PL  FWHM 
squared  A^(t)  vs  time  for  the  O.iO-fim  double  heterostructure. 
Solid  lines  represent  least-squares  fits  to  data  using  Eq.  (4). 
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FIG.  11.  Temperature  dependence  of  minority-hole  mobility 
in  the  9.82-Mm  double  heterostructure  (■).  Mobilities  were  ob¬ 
tained  from  the  measured  diffusion  constants  using  the  nonde¬ 
generate  Einstein  relation.  Solid  line  represents  best  fit  to  data, 
yielding  acoustic-phonon  and  nonpolar-optic-phonon  deforma¬ 
tion  potentials.  Hill’s  results  (Ref.  34)  for  majority  holes  in  p- 
type  GaAs  are  also  shown  (O )  with  excellent  agreement. 


high-energy  Maxwell-Boltzmann  tails  and  their  derived 
electronic  temperatures,  of  Fig.  7.  Further,  utilization  of 
the  nondegenerate  form  of  the  Einstein  relation  is  war¬ 
ranted  by  the  relatively  high  lattice  temperatures  which 
0  preclude  degeneracy  and  exciton  formation. 

Hole  mobilities  in  GaAs.  at  these  temperatures,  are 
dominated  by  acoustic-phonon  and  nonpolar  optical- 
phonon  scattering.  Using  Wiley's  formalism,*’- the 
combined  mobility  is 
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where 
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C  =  {d/T)7]/2[e^'"^-l)  , 


(6) 

(7) 


^  TJ  —  (EyffQ/Ei^Q)',  (8) 

r  =  m ,  /m  -  is  the  ratio  of  heavy-  and  light-hole  masses,  p 
is  the  density  of  the  material,  u  is  the  average  sound  ve¬ 
locity,  and  mf  is  the  effiective  mass  of  the  charged  car¬ 
riers.  We  find  acoustic  and  nonpolar  optical  deformation 
potentials  of  4.5  and  7.5  eV.  respectively.  These  results 
%  are  in  good  quantitative  agreement  with  other  estimates*’ 

(3.5  and  6.5  eV,  respectively),  and  our  least-squares  fit  to 
the  data  (solid  line)  is  in  excellent  agreement  with  the  to¬ 
tality  of  our  data.  Further,  these  results  show  that,  at 
high  temperatures  ( T  ^  70  K),  hole  mobilities  increase  as 


FIG.  12.  Temperature  dependence  of  minority-bole  (□)  and 
minority-electron  (0)  mobilities  in  the  0.30-pm  double  hetero- 
structure.  Mobilities  were  obtained  from  the  measured 
diffusion  constants  using  the  nondegenerate  Einstein  relation. 
Solid  lines  represent  best  fits  to  the  data,  as  di<a-iicvd  in  the  text. 


P'~r~*’ — quantiutively  identical  to  Hill’s  results^  for 
majority-hole  mobilities  in  high-purity  p-type  material 
obtained  electrically,  and  also  shown  in  Fig.  11.  Here, 
again,  we  find  minority-carrier  mobilities  oinually  identi¬ 
cal  to  those  of  majority-carrier  mobilities,  and  our  results 
and  analysis  are  consistent  with  phonon-scattering  limit¬ 
ed  transport. 

Figure  12  shows  the  temperature  dependence  of  both 
minority-hole  and  minority-electron  mobilities,  obtained 
as  above,  for  our  0.30-pm  heterostructure.  In  thin  sam¬ 
ples,  such  as  this,  where  the  influences  of  p-type  modula¬ 
tion  doping  become  significant — if  not  dominant  (  SO. 3 
pm) — as  demonstrated  at  room  temperature,  we  obtain 
mobilities  for  both  species  of  minority-carrier  electron 
and  hole.  Below  70  K,  all  transport  in  these  structures  is 
totally  minority-electron  dominated,  at  these  excitation 
levels.  We  find  that  the  resulting  temperature-dependent 
minority-hole  mobilities  are  identical,  both  qualitatively 
and  quantitatively,  with  our  9.82-pm  sample  results  and 
reported  hole  mobilities  in  high-purity,  p-type  GaAs.^ 
Indeed,  the  lower  solid  line  in  Fig.  12  was  obtained  exact¬ 
ly  as  for  Fig.  11,  using  Eq.  (5). 

Electron  mobilities  in  GaAs  are  more  complex  than 
hole  mobilities,  with  the  dominant  scattering  mechanisms 
being  polar-optical,  acoustic-deformation-potential  pho¬ 
non  (i.e.,  intrinsic),  and  piezoelectric  scattering.^  The 
dashed  line  in  the  figure  represents  the  best,  least-squares 
fit  to  our  data  using  all  three  of  these  scattering  mecha¬ 
nisms  (and  Mattheison's  rule),  together  with  each  of  these 
mechanisms  individually  indicated  (solid  lines). ^  Such 
fitting  yields  an  acoustic-phonon  deformation  potential  of 
15.2  eV — with  this  as  the  only  adjustable  fitting  parame¬ 
ter.  Corresponding  reponed  acoustic-phonon  deforma¬ 
tion  potentials  range  from  7.0  to  18.0  Our 

result  is,  therefore,  slightly  higher  than  the  most  widely 
accepted  value  (13.5  eV),'  and  may  be  a  result  of 
differences  in  measurement  technique  and/or  minority- 
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carrier  versus  majority-earner  mobilities. 

In  totality,  our  results  indicate  that  minority -carrier 
transport  is  quantitatively  identical  to  majority<arrier 
transport  in  these  high-quality  samples.  Theoretically, 
minority-carrier  mobilities  may  be  expected  to  be  smaller 
than  majority-carrier  mobilities,  since  impurity  scattering 
may  be  more  dominant  for  minority  carriers  (minority 
carriers  have  a  lower  Fermi  energy  than  the  same  species 
as  majority  carrier,  for  the  same  doping  levels).**  Howev¬ 
er,  we  find  that  our  minority-carrier  mobilities,  at  these 
temperatures,  are  lattice  hmited,  and  are  therefo  e  truly 
intrinsic  (phonon  scattering),  thus  yielding  mmority- 
carrier  mobilities  comparable  or  even  equal  to  corre¬ 
sponding  majority-carrier  mobilities. 

V.  CONCLUSIONS 

We  have  used  an  all-optical  PL-imaging  technique  to 
directly  measure  the  transport  of  minority-carrier  elec¬ 
trons  and  holes.  Significantly,  we  find  all  transport  to  be 
diffusive  at  all  temperatures.  Also,  both  minority- 
electron  and  minority-hole  mobilities  obtained  from  our 
measured  diffusion  constants  are  in  excellent  quantitative 
agreement  with  electrical  measurements  of  majority- 
electron  and  majority-hole  mobilities.  Additionally,  our 
resulting  temperature-dependent  mobilities  yield  ap¬ 
propriate  deformation  potentials — indeed,  ones  in 
good  agreement  with  majority-carrier,  electrically  deter¬ 
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mined  values.  Lastly,  these  results  prove  that  our 
all-photoluminescence-based^*’  **  carrier-transport- 
measurement  technique  is  (1)  fully  analogous  (but  con¬ 
tactless)  to  the  seminal,  early  optical  Haynes-Shockly 
mcasuremcnt*°  of  transport,  and  (2)  yields  both  qualita¬ 
tive  and  quantitative  agreement  with  traditional  all¬ 
electrical  transport  methods,^' thus  confirming  its 
utility  and  accuracy.**'^  Funher,  as  will  be  discussed  in 
future  publications,  this  method  performs  equally  well  for 
both  qualitative  and  quantitative  measurement  of 
neutral-particle  (e.g.,  free  excitons  and  plasmas) 
transport — an  invaluable  and  complementary  result 
which  electrical-transport  methods  are  entirely  incapable 
of  determining.  Hence,  for  example,  we  may  now  study 
in  detail,  at  all  temperatures  (e.g.,  1.6-3(X)  K),  the  spatial 
and  temporal  transport  of  both  free  carriers  and  free  exci¬ 
tons,  and,  especially,  their  possible  temperature- 
dependent  joint  (or  coupled)  transport  properties. 
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FREE-EXCrrON  RECOMBINATION  IN  GaAs 
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We  have  studied  the  Idnedcs  of  hee-exciton  recombination  in  “ideal”  GaAs  structures. 

Our  studies  include  detailed  photoluminescence  Idnelics  measurements  versus  laser 
excitation  power,  temperature,  sample  structure,  and  surface  treatmenL  The  pimary 
goal  in  these  studies  is  to  understand  the  mechanism  prmpitating  free-excuon  re> 
combination,  and  the  role,  if  any.  that  polaritons  play.  Additionally,  we  have  assessed 
the  effects  free-carriers  and  a  variety  of  different  sample  structures  and  surface  treat¬ 
ments  have  on  these  kinetics. 

L  Introduction 

It  is  widely  believed  that  the  properties  of  Coulomb-correlated  electrons  and  holes 
—  excitons  —  in  direct-gap  semiconductors  are  well-understood,  both  theoretically  and 
experimentally.^  However,  thorough  exanunation  of  the  current  literature  on  this  sub¬ 
ject,  for  the  proto^ical  direct-gap  semiconductor,  GaAs,  shows  that  this  is  clearly  not 
the  case.  In  particular,  theoretical  predictions  of  the  oscillator  strength,  and  the  cor¬ 
responding  radiative  lifetime  range  from  ps^  to  ns.^  As  an  example,  recently  an  ex¬ 
perimental  2.0  K  excitonic  lifetime  of  3.2  ns  has  been  reported,^  and  widely  quott^. 

The  magnitude  of  this  lifetime  was  interpreted  in  terms  of  a  “coherence  volume,’”’^ 
whereas  the  observed  modest  increase  in  lifetime  with  temperature  was  believed  to  be 
due  to  the  temperature-dependent  change  in  cxcitonic  population  within  the  homoge¬ 
neous  linewidth  near  K=0,  preserving  K-selection.  Just  after  this  report,  another  in¬ 
terpretation  of  the  same  data  based  on  the  concept  of  cxciton-polaritons  was 
published.^  Even  more  recently,  a  4.0  ns  ftee-exciton  lifetime  has  been  reponed.®  In 
view  of  these  discrepancies,  we  have  studied  ftee-exciton  kinetics  in  high-quality  GaAs 
double  heterostructurcs,  in  an  attempt  to  definitively  test  these  models,  as  well  as  other 
ftee-exciton  properties  (i.e.,  role  of  residual  strain,  interfacial  “dead-layer”  effects,  and 
the  influence  of  ftee-carriers  on  ftee-exciton  kinetics), 
n.  Samples  and  Experiment 

Our  samples  were  OMVPE-  and  MBE-prepared  AlojGao.yAs/GaAs/AlojG^jAs 
heterostructurcs,  with  GaAs  layer  thicknesses  ranging  from  50_A  to  10  pm.  Prior  to 
this  study,  these  samples  were  fully  characterized  at  300K.'  We  found  that  our 
OMVPE  structures  are  truly  “interface-free,”  as  quantified  by  their  300-K  lifetimes  (> 

2.5  ps)  and  corresponding  record-equivalent  interfacial  recombination  velocities  (<  40 
era''),  whereas  interfacial  results  for  the  MBE-structurcs  still  remain  somewhat  infe¬ 
rior,  but  still  quite  good  (S  =  250  cra/s).  Importantly,  at  low-temperatures  (<  25  K), 
photoluminescence  (PL)  is  uniformly  dominated  by  ftee-exciton  emission  in  all  sam¬ 
ples,  with  impurity-related  emissions  being  weak, 
ni.  Results  and  Discussion 

We  have  thus  measured*  spectrally  resolved  ftee-exciton  PL  decay  kinetics  (with 
50  ps  temporal  resolution)  versus  temperature  (1.8  -  40  K),  versus  G^s  layer  thick¬ 
ness,  and  versus  emission  wavelength.  All  decays,  in  all  bulk  structures,  are  short  and 
exponential  at  1.8  K.  but  become  progressively  and  systematically  longer  and  more 
nonexponential  with  increasing  temperature  above  4.0  K.  We  find,  in  some  structures, 
a  striking  thickness-dependent  lifetime  increase  with  temperature,  varying  by  more  than 
5  orders-of-magnitude.  from  -  200  ps  at  1.6  K  to  -  14  ps  at  25  K.  In  contrast,  decay 


kinedcs  in  quantum  wells  remain 
exponential  with  corresponding 
lifetimes  which  only  mcrease 
modestly  with  temperature.  These 
lifetimes  for  all  of  our  OMVPE 
samples  are  shown  in  Figure  1. 
Additionally,  we  find  that  vari¬ 
ation  of  the  GaAs  layer  thicknes 
by  over  three  orders-of-magnitude 
(from  50  A  to  10  pm)  incases 
Ae  low-temperature  free-exciton 
lifetime  from,  at  most  -  2(X)  ps  to 
-  sCX)  ps  —  thus,  only  a  factor  of 
four,  shown  in  Fig,  2.  Another 
strildng  observation  is  that  the  2 
K  lifetimes  do  not  change  with  the 
emission  energy,  as  shown  in  Fig. 
3. 

Our  results  are  thus  inconsist¬ 
ent  with  the  ns  lifetimes  reported 
elsewhere,^’*  which  in  some  cases 
may  result  from  high  excitation 
densities.  Instead  we  find  a  life¬ 
time  of  -  2(X)  ps,  with  the  lifetime 
increasing  with  GaAs-layer  thick¬ 
ness  (possibly  due  to  rcabsorption 
effects'*).  Moreover,  these  results 
10.0  F 
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Fig.  1.  Lifetiines  versus  temperature  for  our  OMVPE-pre- 
pared  structures. 
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only  incompatible  with  osdUator-strength 
pr^ctipns  based  on  the  coherence 
volume^’'*  model  for  either  excitons  or  cx- 
citon-polaritons,  but  arc  also  over  l(y*  lar¬ 
ger  than  cunendy  existing,  accepted 
models  by  EUiotr  for  simple  free-cxcitons. 

We  find®  that  our  lifetimes  versus  tem¬ 
perature  are  accurately  and  quantitatively 
described  by  coupled  rate  ^nations  for 
each  species  of  carrier  present,  at  each 
temperature  (i.e.,  free-excitons,  free  elec¬ 
trons  and  holes).  Here,  we  have  included 
the  temperature-dependent  density  of 
states,  residual  impurities,  and  differences 
in  binding  energies  for  bulk  versus  quan¬ 
tum  structures.  Our  model  also  includes 
the  effects  of  free-exciton  localization  at  a 


0.01  0.1  1.0  10.0  small  binding-energy  “radiative-defect” 

GaAs  THICKNESS  Oim)  which  serves  to  break  K-selection,  thus 

Fig.  2.  1.8  K  free-exciion  lifetime  versus  GaAs-  precipitating  ffee-exciton  recombination, 
byer  thickness.  Figure  4  shows  calculated  lifetimes  versus 

temperature  together  with  our  experimental  results  for  a  9.82  pm  thick  sample,  thus 
demonstrating  the  excellent  agreement.  Our  model  fully  explains  our  observed  temp¬ 
erature-dependent  lifetimes,  lifetimes  versus  emission  energy,  and  differences  between 
bulk  and  quantum  structures. 

Our  observed  lifetimes  versus  GaAs-layer  thickness  and  versus  emission  energy  are 
incompatible  with  exciton-polariton  theories,^  all  of  which  predict  lifetimes  which  must 


s  .  10|B 


A  .  S)B 


T 


A  •0J3)BD 


_  .  scale  directly  with  layer  thickness  (for 

bulk  structures)  pd  vary  rapidly  with 
emission  energy.  For  quantum-wells, 
the  t^kness  dependence  is  not  as 
prominent,  and  Andieani,  et  al.^  have 
j  ?  calculated  a  25  ps  lifetime  for  a  1(X) 

'0  A  quantum  well.  In  an  effort  to  un- 

^  dcrstand  the  possibi:  role  exciton-po- 

8  lariton  dynamics  miy  have  in  such 

^  excitonic  recombination  kinetics,  we 

^  have  undertaken  a  detailed  study  of  the 

*0*  g  exciton-polaiiton  disperson  curves 

^  through  Resonant  Brillouin  Scattering. 

We  have  Aus  duplicated  Weisbuch  and 
Ulbrich's^^  GaAs  exciton-polaiiton 
dispersion  curves,  thus  demonstrating 
>.w.  10*  the  existence  of  exciton-polaritons  in 

...  f  these  samples.  The  longitudinal-tran- 

wavelengto(A)  sverse  exciton-polarlton  splitting  is 

Fig.  3.  1.8  K  lAtunes  ver^PL  en^on  energy  and  q  qS  meV.  whc.-cas  the  free-exciton  E- 

GaAs-Uyer  thickness.  Exciton-Polanton  group  vekxi-  ....  .  ’  .......1..  'n,„c 

ties  are  ^own  with  thick  soUd  lines.  newidth  w  clearly  much  larger.  Thus, 

we  conclude  that  dampmg  processes 
(scattering  to  other  points  in  the  cxciton  dispersion  curve)  are  dominant  over  the  cx- 
citon-photon  interaction  (polariton  effects).  In  total,  we  conclude  that  the  exdton  re¬ 
combination  kinetics  and  oscillator  strength  are  entirely  dominated  by  thermalizadon 
between  free-cxcitons  and  free  PI — , — , — , — , — I — , — , — , — 1 — | — t — 1 — 

carriers,  and  that  these  effects  ■ 

completely  mask  the  anticipated  10000  r  9.82)unSan^e  t 

effects  of  exciton-polaritons.  :  ^ —  i 

We  have  also  examined  the  ;  ^  t 

so-called  interfacial  “dead-layer”  '  ^  ^  ^ 

effects^  ^  commonly  observed  in  f  ^  ^  1 

GaAs  samples.  This  was  accom-  :  ^  • 

plished  by  chemically-etch  re-  1?  !  ^  ! 

moving  the  top  AlojGaojAs  layer  ^  iqO  - 

in  these  structures,  and  then  prob-  5  I  I 

ing  with  extremely  hign-resolution  B  '■  j  ▼  Daa  - 

(<  0.01  meV)  PL  spectroscopy.  &  •  /  —  Theory 

We  find  that  with  removal  of  the  jo  ^ 

top,  high-quahty  AlojGao.yAs  in-  !  r  : 

terface,  PL  lifetimes  and  intensi-  -  r  - 

ties  abruptly  drop  by  >  10^;  and  'i 

the  remaining,  now-weak  free-ex-  1  ri  ~ 

citon  emission  is  replaced  by  even  J 

weaker  “upper  and  lower  ; 

polariton-branch”  structure. li  .  .  .  .  t  .  .  .  .  1  ,  ■  .  ■  ' 

dramatic  degradation  we  amibute 

to  loss  of  the  high-quaEty  inter-  °  TE^ERATUREOG 

face  and  “native”  reoxidation,  of  .  teMPERATORE  (K) 
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the  bare  GaAs  surface  —  thus  ^*8-  5*  C^cuJated  lifetime,  solid  line,  vt^us  temperature 


leading  to  the  so-called 


together  with  experimental  results  for  9.82  pin  structures. 
CSculation  does  not  include  surface  recombination,  thus 


layer.”  Fig^e  5  shows  2  K  PL  overestimating  high-temperature  lifetimes, 
spectra  and  lifetimes  for  a  2.0  |im 


structure,  and  this  same  structure  after 
etch-removing  the  top  AJojGa<}.7As 
layer,  leaving  exposed  a  GaAs 
surface.  Thus,  2  K  PL  spectra  are  sen¬ 
sitive  to  the  GaAs  surface,  whereas  the 
corre^nding  lifetimes  are  less  so. 
Addidonally,  we  find  that  not  only  is 
the  firos-exciton  PL  sensitive  to  heter¬ 
ointerface  quality,  but  we  also  find  diat 
residual  strain  in  sample  mounting  in¬ 
side  our  c^ostat,  and/or  from  In-back¬ 
ing  mateiids  applied  to  the  substrate 
(during  growth  —  typically  done  in 
MBE  growth)  shift  the  excitonic  reso¬ 
nance.  This  is  the  subject  of  future 
study. 

IV.  Conclusion 

We  have  thus  established  the  domi¬ 
nate  factors  governing  excitonic  decay 
in  high-purity,  virtually  “interface-fire” 
GaAs  heterostructures.  We  have  dem¬ 
onstrated  that  the  tenq)erature-depen- 
dent  fiee-exciton  lifetime  is  determined 
almost  entirely  by  thermalization  with 
free-carriers,  and  find  that  the  low- 
temperature  (1.8-K)  kinetics  are  com¬ 
pletely  unexplainable  with  any  current 
exciton  or  exciton-polariton  theoretical 
-4  0  4  8  12  16  20  24  models.^ 

Supported  in  part  by  ONR  under  con¬ 
tracts  N00014-85-C-0868.  N00014-90- 
C-0077,  and  NOOO 1 4-9 1-J- 1697,  and 
the  US  DOE  under  contract 
DE-AC04-756DP00789. 

REFERENCES 

^Present  Address:  Emory  Univ.,  Dept  of  Physics,  Atlanta,  GA  30322 
^Present  Address:  Univ.  of  Wisconsin,  Dept,  of  Chem.  Eng.,  Madison,  WI  53706 

1.  D.C.  Reynolds  and  T.C.  Collins,  ExcUons  Their  Properties  and  Uses,  (Academic  Press,  New  York 

1981). 

2.  RJ.  Elliott,  Phys.  Rev.  108,  1384  (1957). 

3.  G.W.  fflooft,  WAJj\.  van  der  Poel,  L.W.  Moicnkamp,  and  C.T.  Foxon,  Phys.  Rev.  B  35,  8281 

(1987). 

4.  J.  Feldmaim,  G.  Peter,  E.O.  Gobel,  P.  Dawson,  K.  Moore,  and  C.T.  Foxon,  Phys.  Rev.  Lett.  59, 2337 

(1987). 

5.  WJ.  Raiqiel.  LJ.  Fciner,  and  MP.H.  Schuurmans,  Phys.  Rev.  B  38,  7874  (1988). 

6.  J.  Aaviksoo,  L  Reimand.  V.V.  Rossin,  and  V.V.  Tiaurukov,  Phys.  Rev.  B  45,  1473  (1992). 

7.  DJ.  Wolford,  G.D.  Gilliland,  TJ.  Kuech,  LJ4.  Smith,  J.  Martuisen,  J.A  Bradley,  C F.  Tsang,  R. 

Venkatasubramanian,  SJC  Ghandi,  and  HJ*.  Hjalmarson,  J.  Vac.  Sci.  Technol.  B  9, 2369  (1991). 

8.  DJ.  Wolford,  GJ>.  Gilliland,  TF.  Kuech,  J.A.  Bradley,  and  HF.  Hjalmarson,  American  Physi^ 

Society  Meeting,  Cincinnati,  OH,  March  1991.  Bull.  Am.  Phys.  Soc.  36, 648  (1991). 

9.  L.C.  Andreani,  F.  TAssone,  F.  Bassani,  Solid  State  Comm.  77.  641  (1991). 

10.  R.G.  Ulbrich  and  C.  Weisbuch,  Phys.  Rev.  Lett.  38,  865  (1977). 

11.  E.S.  Koteles,  J.  Lee,  JF.  Salerno,  and  M.O.  Vassell,  Phys.  Rev.  Lett.  55,  867  (1985):  T.  Steiner, 
M.L.W.  Thewalt,  E.S.  Koteles,  and  JF.  Salerno,  Phys.  Rev.  B  34,  1006  (1986). 

12.  D.D.  Sell.  S£.  Stokowski,  R.  Dingle,  and  J.V.  DiLorenzo,  Phys.  Rev.  B  7,  4568  (1973). 


TIME  (fit) 

Fig.  5.  (a)  1.8  K  PL  spectra  of  2.0  pm  structure  (top) 
and  same  structure  after  etching  oft  top  ^jGao.7As 
layer  (bottom),  (b)  1.8  K  &ec-exciton  PL  time  decays 
corresix>nding  to  PL  spectra  in  (a). 
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ANOMALOUS  LOW-TEMPERATURE  FREE-EXCTTON  TRANSPORT  IN 

GaAs  STRUCTURES 
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Using  an  optical  analogue  to  the  classical  Haynes-Schockley  experiment,  we  have 
studied  low-temperature  free-exciton  tianspon  in  several  “ideal’*  GaAs  structures. 

We  find  the  observed  diffusion  constants  to  be  laser  excitation  power  dqjendent  below 
SO  K.  and  independent  of  laser  power  at  hig^  temperanires.  We  observe  peak  2  K 
diffusivities  of  >  1000  cm^/Va  Possible  mechanisms  are  discussed. 

L  Introduction 

At  low  temperatures,  free  earners  may  condense  into  free-excitons,  which  are 
electrically  neut^,  and  are  thus  unobservable  with  convendonal  electrical  transport 
techniques.  In  recent  years  some  have  resoned  to  opdeal  means  for  studying  exciton 
transport  properties.*  For  example,  HUlmer,  et  al.*  have  studied  free-exciton  trans¬ 
port  in  GaAs  quantum  wells  using  an  opaque  mask  technique.  Here,  in  contrast,  we 
have  used  an  all-optical,  time-resolved  PL  imaging  technique  which  relics  on  the  direct 
confocal  imaging  of  the  photoexcited  PL  spot,  and  has  the  advantage  of  requiring  no 
sample  processing.  This  technique  is  sensitive  to  both  charged  and  neutral-particle 
transpon,  and  has  high  roatial,  spectral,  and  temporal  resolution  (<  3  pm,  <  cm"  *,  and 
»  50  ps,  respectively).^’^ 

n.  Samples  and  Experiment 

Our  samples  were  OMVPE-preparcd  AlojGao^As  (p  -  10*^cm"^)/GaAs  (n  - 
10*^cm"^)/Alo3Gao.7As  (p  ~  10*°cm"^)  hctcrostructures  with  GaAs  layer  thicknesses 
ranging  from  50  A  to  1()  Our  time-resolved  PL-imaging  technique  is  described 
elsewhere.^’®  We  have  utilized  this  technique  to  quantify  free-carrier  (electron  and 
hole)  transport  at  higher  temperatures  (50  K  -  300  K)  in  these  same  structures,  and  find 
remarkable  agreement  with  electrically  measured  majority-cairier  mobilities  in  com¬ 
parable  structures.  Additionally,  we  find®  excellent  agreement  in  our  derived  defor¬ 
mation  potentials  (obtained  from  fitting  the  temperature-dependent  diffusivities 
converted  into  mobilities  using  the  Einstein  relation)  and  reported  deformation  poten¬ 
tials.  Thus,  we  have  demonstrated  the  utility  and  accuracy  of  this  technique. 

in.  Results  and  Discussion 

We  find,  after  focussed,  above-gap,  laser  excitation  (3  pm  laser  spot),  PL  distrib¬ 
utions  which  spread  radially  with  increasing  time,  with  Gaussian  spatial  profiles,  pos¬ 
sibly  indicative  of  “diffusive  motion.”  Figure  1  shows  these  spatially  and  temporally 
resolved  distributions  for  our  9.82  pm  thick  sample  at  10  K. 

If  the  observed  transpon  is  indeed  diffusive,  then  the  characteristic  width  of  the 
Gaussian  distribution  (the  Full-Width  at  Half-Maximum  —  FWHM  —  A)  squared 
should  be  directly  proportional  to  time.  Figure  2  shows  versus  time  and  temperature 
for  our  9.82  pm  tWek  structure.  The  dif&sivity,  obtained  from  the  slope,  clearly  in¬ 
creases  with  decreasing  temperature.  Figure  3  shows  A^  versus  laser  excitation  power 
at  2  K  for  this  same  sample.  The  power  dependence  is  clear  and  unmistakable.  Dif¬ 
fusion  constants  increase  monotonically  with  laser  power,  and  at  2  K  range  from  -  1 
cm-A'^s  to  over  1200  cm^A^s. 
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1.8  K  /-V  electrically,  ~  transport  properties  are 

/  \  most  conunonly  reponed  as  mobilities. 

25j(im  J  V  11  u  Here,  we  measure  diffusion  constants 

- - - ^  ' - - -  directly,  not  mobilities.  These  diffusion 

/  \  constants  may  be  converted  into  mo- 

24.0  (im  /  \  42  at  bilities  ihrou^  application  of  the  Ein- 

^  ' - - -  stein  relation.  However,  caution  must 

t  /  \  be  exercised  for  the  following  reasons: 

%  132^  J  \  3.1m  0)  degeneracy  effects  may  become 

g  ^ - — -  important  at  these  low-temperatuies  and 

3  /  \  hi^  excitation  densities,  (2)  excitons 

^  222  lUD  y  \  11 M  may  not  be  in  thermal  equiUMum  with 

. yTv  - ^ -  the  lattice,  (3)  free-carriers  may  stiU 

/  \  exist,  even  at  these  low  temperatures, 

20.0  jun  1.0  m  and  may  play  a  role  in  the  observed 

/N  - - -  transpoi^  (4)  radiative  absorption  and 

/  \  reemission  of  photons  may  c^toit  the 

isj|iffl  y  y  aoM  observed  measurements,  and  (S)_exc- 
,  ,  .  ,  I  .  .T.  t  ■  ■K  ■  1  ■  .V;  1  ,  ■  ,  .  I ,  ■  .  rJ  itons  are  bosons,  not  fermions.  These 

-150  -100  -50  0  50  100  150  difficulties  are  very  hard  to  address,  and 

MICRONS  are  the  cunent  subject  of  study.  To 

Fig.  1.  Spatially-resolved  PL  distributions  for  the  9.82  date,  we  have  observed  the  following 
|im  sai^le  at  various  times  after  the  laser  pulse  at  1.8  regarding  these  issues:^^  (1)  The  de- 

K.  FWftM  at  each  time  is  indicated.  gcncracy  effects  of  bosons  act  in  an 

opposite  direction  to  that  of  fermions,  and  if  the  transport  involves  both  ^ecies  (free- 
excitons  and  free  carriers),  then  degeneracy  effects  b^ome  quite  complicated,  (2)  in 
some  structures  ffee-cxciton  lifetimes  arc>  15  jis  at  -  25  K,  and  have  most  probably 
reached  thermal  equilibrium  with  the  lattice.  However,  at  2  K,  the  ffee-exciton  lifetime 
is  <  1  ns,  possibly  precluding  complete  thermalization  with  the  lattice.  (3)  Our  detailed 
ftee-exciton  PL  decay  kinetics  measurements  and  modeling  substantiate  our  hypothesis 
that  free-carriers  play  a  significant  role  eooo  i  |  i — i  |  i — i  i  |  i  i  i — ;  ■  ■  i  ■ 

in  the  dynamics  of  free-exciton  emis¬ 
sion  even  at  4  K.  (4)  Photon  recycling  9.82  iim  Sample 

at  the  free-exciton  resonance  may  oc-  ’  y  ' 

cur,  but  has  only  a  minor  effect  on  • 

free-exciton  kinerics  (factor  of  <  2  in  4000  -  / 

lifetime).  y/ 

Fi^e  4  shows  all  of  our  measured  /  .  yr 

diffusivities  convened  into  into  mobil-  i,  /  /  y' 

ities  (using  the  Einstein  relation),  for  *<  /  / 

comparison  purposes,  versus  temper-  /  / 

ature  and  laser  power  for  our  9.82  pm  ^  “  /  ./  y 

and  0.30  pm  thick  GaAs  structures.  •  / 

At  high  temperatures  (>  50  K)  the  .  j 

transpon  is  of  free-carriers.  In  our  / y 

9.82  pm  structure  we  observe  hole- 

dominated  ambipolar  transport,  wher-  oLl— 1 — 1 — 1— J_i — 1 — t  1  1  1  1 — L_j — \ — 1 — 

eas  in  our  0.30  pm  structure  we  0  20  -r^,  ^ 

observe  a  time-dependent  change  from  _  , 

electron-dominated  to  hole-dominated  ^*8*  2-  at  H^f-Ma«mum  sq^  versus 

,  .  ,  ^  5  6  'TO.  7  time  and  temperature  for  the  9.82  urn  thick  structure, 

ambipolar  transport. These  results 
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are  well-understood  and  in  exceUent 
agreement  with  our  PL  decay  Idnedcs. 
However,  the  power-depen^nt  difhi- 
sivides  at  low-temperatures  are  not  un¬ 
derstood 

One  possible  mechanism  for  this 
power-dependeqi  transport  may  be  the 
“phonon-wind”. This  mechanism  has 
been  conclusively  shown  to  play  an 
important  role  in  the  transport  of  exc- 
itons  ai]d  electron-hole  droplets  in  Si 
and  Ge.^  Tighdy  focussed  laser  exci¬ 
tation  generates  a  high-densiiy  of  pho¬ 
nons  and  carriers  localized  at  this  spot 
These  phonons  (primarily  low-fte- 
quency  acoustic  phonons)  may  then 
couple  to  the  excitons,  transferring  their 
momentum,  and  driving  the  excitons 
away  from  this  spot  This  leads  to  a 
char^eristic  spatial  distribution  for 
this  transp^  mechanism,  a  sheU- 
shaped  distribution.*  Figure  5  shows  a 
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TIME  (ns)  char^eristic  spatial  distribution  for 

Fis.  3.  Laser  excitation  power  dependence  of  A  at  this  transp^  mechanism,  a  sheU- 
1.8  K.  Energies  are  per  laser  pulse.  shaped  distribution.®  Figure  5  shows  a 

gedanken  experiment,  de-  signed  to  clarify  this  issue.  Here,  a  slit  and  crossed-slit  scan 
are  perform^  on  both  a  normally-diffusing  and  phonon-driven  cxciton  distribution. 
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•  o/ / /  BOv  ■  /  ////y^  '  detailed  two-di- 

5  10^  r  ' / /  /  -  r  / / // / '  ■  mensional,  space- 

e  / / / /  time-resolved 

o.  ;  o/ / ;  PL  (just  as  was 

^  in*  '  \  ^  Wolfe,  et 

r  ^  ^ 

o'  :  observe  the  dou- 

CK  '  ble  peaks  as  in 

10^  r  ‘  -  -  Fig.  5,  and  thus 

^  :  :  may  conclusively 

°  :  :  mle-out  “phonon- 
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Fig.  4.  Temperature  dependence  of  mobilities  derived  from  measured  diffusiv-  larol* 

ides  and  the  Einstein  relation  for  our  (a)  9.82  pm  and  (b)  0.30  pm  strucnires.  extremely  targe. 
Absolute  mobility  limits  are  taken  from  Ref.  14.  power-dependent 

diffusivities. 

Another,  possibly  more  plausible  mechanism,  for  this  anomalous  transport  is  the 
joint  diffusion  of  free-excitqns  and  free-caniers,  coupled  through  temperamre-depen- 
dent  capture  and  ionization.  This  mechanism  relies  on  the  same  physics  as  our  model 
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for  firee-exciton  decay  Idneiics,  and 
involves  the  solution  of  coupled, 
power-dependent  free-cairier  and 
ftee-exciton  rate  ^uadons.  In  this 
contexu  ftee-carriers  quickly  con¬ 
dense  into  £ree-excitons,  which  then 
di^se  and  decay  radiadvely  with  a 
lifetime  of  <  1  ns;  simultaneously, 
remaining  free-cairiers  diffuse  a^ 
then  condense  into  free-excitons, 
which  then  recombine.  Therefore, 
our  measured  transport,  though 
spectrally  resolved,  may  actually  re¬ 
present  the  joint  modon  of  both 
firee-excitons  and  free-caiiiers.  At 
this  point  the  importance  of  pho¬ 
ton-recycling  is  unclear,  and  is  being 
studied. 

rv.  Conclusion 

We  have  observed  anomalous, 
low-temperature,  laser  power  de¬ 
pendent  transport  of  ftcc-excitons  in 
Fig.  5.  Gedanken  experiment  simulating  slit  scan  and  GaAs  Structures.  We  find  peak  2  K 
CTOssed-slit  scMS  of  both  a  normally-diffusing  (a)  and  (b)  diffusivities  of  >  1000  cnP/s.  The 
and  phonon-wind  driven  (c)  and  (d)  exciton  distributitM).  apparent  mechanism  for  these  trans¬ 
port  results  is  connected  to  the  interaction  between  the  transport  of  boA  frec-excitons 
and  free-caniers,  which  is  both  laser-power  and  temperature-dependent  Future  re¬ 
search  to  further  clarify  our  results  includes  resonant  excitation  experiments. 
Supported  in  part  by  ONR  under  contracts  N00014-85-C-0868,  N00014-90-C-0077, 
and  N00014-91-J-1697,  and  the  US  DOE  under  contract  DE-AC04-756DP00789. 
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OPTICALLY-DETERMINED  EXCTTONIC  TRANSPORT  IN  TYPE-H 

GaAs/AlAs  SUPERLATTICES 
GD.  Gilliland,^  DJ.  Wolford,  and  JJi.  Bradley 
IBM  Research  Division,  TJ.  Watson  Research  Center 
P.O.  Box  218 

Yorktown  Heights,  New  York  10598 
and 

J.  Klem 

Sancua  National  Laboratories 
Albuquerque,  NM  87185 

We  have,  for  the  first  time,  directly  measured  the  tranqxvt  of  excitoos  in  a  Type-II 
sui^lattice.  Our  results  confirm  tte  existence  of  exdton  localization  and  thermally- 
activated  bopping.  Implicadons  of  these  results  are  discussed. 

L  Introduction 

Quantum-confinement  effects  leading  to  excitonic  localization  in  one-dimensicm 
have  been  thorougbly  demonstrated  in  GaAs/AlxGai_xAs  quantum  well  structures.^ 

For  periodic  structures  with  sufficiendy  thin  Al^Gai  _  ^As  layers,  wavefunction  inter¬ 
action  through  the  AlxCai.^As  barrier  layer  may  lead  to  extended  states,  ie.  super- 
lattice  minibands.  Additionally,  for  very  short-period  multmle-quantum-well 
structures,  the  quantum-confinement  effects  may  raise  both  the  GaAs  T  and  the 
AlxGa^.xAs  X  conduction-band-edges.  With  judicious  choice  of  both  GaAs  and 
AlxGai_xAs  layer  thicknesses  (as  weU  as  Al^Gai-^As  composition)  a  Type-II  band 
aligiment  may  result,  wherein  the  lowest  energy  states  for  electrons  and  holes  occur 
in  different  layers  of  the  structure.^  Specifically  for  the  (GaAs)nv/(AlAs)n  ^stem,  this 
may  occur  for  GaAs-layer  thicknesses  <  35  A  (m  <  13)  and  AlAs-laycr  thicknesses  > 

15  A  (n  >  6).^  Excitons  in  these  Type-II  systems  are  thus  indirect  in  real-space  and 
in  momentum-space. 

Generally,  it  is  agreed  that  the  lowest  hole-state  remains  in  the  GaAs-layer  for  such 
Type-n  systems,  whereas,  in  contrast,  there  is  considerable  confusion  and  disagreement 
about  the  nature  of  the  lowest  electronic  state. This  confusion  arises  in  part  from 
the  three-fold-degcnerate  X-electron  states  in  the  AlAs  layers.  This  degeneracy  may 
be  removed  by  several  effects,  including:  the  anisotropic  X-electron  mass  (me(Xz)  = 

1.1  mo  and  me(Xx.Y)  =  0.19  mo),  strain-induced  splitting  of  Xz  and  Xx.y>  T-X  mixing 
due  to  the  superlattice  potential,  and  short-range  lattice  disorder  resulting  in  excitonic 
localization,  etc,."*  ~ 

We  report  here  the  first  observation  of  lateral  excitonic  transport  in  a  Type-II 
(GaAs)m/(-AlAs)n  (m=ll  and  n=19)  short-period  superlattice.  This  was  accomplished 
using  an  all-optical  time-resolved  photoluminescence  (PL)  imaging  technique,  which 
is  unique  (compared  to  electrical  techniques)  in  its  sensitivity  to  neutral-particle 
transpon.^^’*^  The  goal  of  this  study  is  to  furAcr  understanding  of  nature  of  the  ex- 
citomc  states  in  Type-II  structures,  as  well  as  the  importance  of  interfacial  atomic  and 
electronic  structure.  In  particular,  there  has  been  much  speculation  in  the  literature 
concerning  the  effects  of  excitonic  localization  by  interface  disorder  (as  inferred  indi- 
recth  from  PL  time  decay  measurements),  and  we  show  here  directly  that  this  local¬ 
ization  does  indeed  exist.  Further,  we  find  significant  thermal  detrapping  of  these 
weakly  localized  excitons,  and  extract  a  localization  energy, 
n.  Samples  and  Experiment 

Our  sample  was  a  MBE-prepared.  slwn-period  GaAs(30  Ava1As(50  A)  superlat- 
tice,  with  55  periods.  Most  studies'*’^’^’'’^  although  not  all^’^-^®  have  conclude  that 
the  lowest  electron  ^und  state  is  X3  for  most  structures,  whereas  for  structures  with 
AlAs  barriers  <  60  A  it  is  Xx.y-  Indeed,  Jaros,  et.  al^^  have  found  that  Xz  is  always 


lowest  in  energy.  For  our  structure, 
it  is  safe  to  ctmclude  that  Xz  is  the 
lowest  electronic  state. 

Using  an  all  opd^  analog  of  die 
HayneS'Shockley  experiment,  we 
have  measured  time-  and  ^dally- 
lesolved  PL  profiles.  PLwasexdtM 
by  a  synchronously  pusqied  cavi^- 
d^ped  dye  laser  punqied  by  a 
quency-4oobled  cw  mode-locked 
Nd^^rYAG  laser.  With  our  eqier- 
inoental  senro,  laser  spot  sizes  of  -  3 
-  4  |im  and  PL  images  extending  over 
600  ^m  are  obtainable.  By  imaging 
the  sample  (magnified  by  up  to  a 
factor  of  40)  and  using  dme-cone- 
lated  single  photon  counting,  our  to¬ 
tal  system  respcmse  is  «>  3  lun 
spatially,  <  1  cm~  ^  spectrally,  and  < 
500  ps  texxqiarally.  The  ad^tage 
and  utility  of  this  technique  lies  in  m 
rensitivity  to  neutral-particle  (exc- 
iton)  transport,  and  the  absence  of 
required  sample  processing, 
in.  Restilts 
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WAVELENGTH  (X)  required  sample  processing. 

Fig.  1.  cw  PL  spectra  veisus  temperature.  Inset  shows  Results 

schematic  band  diagram,  with  confinement  energies  Rgure  1  shows  cw  PL  spectra  for 
(dot^  Ime).  oup  saimile  versus  temperature.  The 

excitonic  no-phonon  nansidon  which  we  attribute  to  Xz-F  states  is  clearly  evident,  and 
substandally  unchanging  at  all  temperatures.  Weaker  phonon  replicas  arc  also  evident 
at  all  temperatures.  The  linewidih  of  the 

Xz-F  transition  varies  little,  from  -  5.4  meV  r  •  '  ’  ‘  '  •  '  ’  ‘  • 

at  1,8  K  to  —  6.0  mcV  at  30  K.  Figure  2  to'*  ~ 
shows  the  PL  time-decays  for  this  sample 

versus  temperature.  Here,  in  contrast  to  our  .  i  *  ^  -  2i54i » 

cw  PL  spectra,  there  is  a  dramatic  variation 

in  lifetime,  from  21.5  us  at  1.8  K  to  -  20  io»  -  i 

ns  at  30  K.  Also,  the  decay  kinetics  are  V 

nonexponential  at  low-tcmpcraturcs  (life-  ^  mk  -  stim 

times  were  derived  from  the  exponenri^  z  •  I 

long-time  tail  part  of  the  kinetics),  and  rap-  |  ,q6  ^ 

idly  become  exponential  at  higher  temper-  ^  ~ 

anircs  (>  24  K).  ^  • 

Figure  3  shows  our  time-resolved  .  i  ^  , 

PL-imaging  results  at  30  K.  The  solid  lines  jfc  - 

represent  fits  to  the  data  with  Gaussian  li-  " 

neshapes,  and  the  full-width  at  half-maxi¬ 
mum  (FWHM  —  A)  is  also  shown  for  each  24  k  -  23.0  * 

“time  window.”  These  data  show  unmistak¬ 
able  evidence  for  the  spatial  transport  of  loP  ^ ■  ■ — ■  >  ■  ■  ■  i 
these  Type-n  excitons  laterally  along  the  ° 

hetCTointcrfaces.  A  linear  dependence  of  time  (ns) 

A2  versus  time  is  indicative  of  diffusive  temperature. 
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Fig.  2.  PL  time  decays  versus  temperature. 


transport,  and  this  is  indeed  observed.  We 
also  observe  a  laser-power-dependent  fea¬ 
ture,  which  is  also  more  prominent  at 
low-temp-  eratures,  and  negligible  at  Mgh 
temperatures  and  low  laser-powers  (as 
used  here).  Specifically,  at  high  las^- 
powers  the  FWHM  increases  very  r^)idly 
m  the  first  several  ns,  and  then  saturates 
to  its  final  slope  (equal  to  that  ol  'terved  at  b 

low  laser-powers - 40  pJ^ulse).  This  | 

is  maybe  related  to  die  creation  of  an  in-  g 
direct-gap  electron-hole  plasma.  Never-  j 
theless,  our  results  are  specific  to  the 
difiusion  of  Type-II  excitons  in  this  struc¬ 
ture,  since  all  measurements  were  made  at 
low  powers. 

lliese  transport  results  are  summarized 
in  Fig.  4.  Here,  the  diffusion  constant  ob¬ 
tained  as  shown  above  is  plotted  versus 

temperature.  Diffusion  constants  range  _iq)  -50  o  so  too 
from  -  2xl(r^  emVs  at  1.8  K  to  -  7.0  microns 

cmVs  at  30  K  —  a  5  x  10^  change  in  just  Fig.  3.  Spatially  and  tempcrally-iesolved  XzT 
30  K.  Additionally,  PL  lifetimes  versus  PL  distributions  at  30  K. 
temperature  are  shown  in  this  figure.  Importantly,  we  find  that  lifetimes  decrease  while 
diffusivities  increase  with  temperature. 

IV.  Discussion 

Time-resolved  studies  of  Type-n  excitonic  recombination  in  GaAs/ALAs  shon-per- 
iod  superlattices^'”®'*^  and  GaAs/AI^Gai -^As  stmerlattiMS  under  pressure*®  are  ubi- 
quidous  in  the  literature.  In  all  of  these  smdies,^^"’'^'^”^®  one  feature  is  particularly 
clear  —  lifetimes  decrease  with  increasing  temperature.  The  general  conclusion  in¬ 
ferred  from  this  is  that  the  temperature-dependence  is  caused  by  the  thermally-induced 
detrapping  of  excitons  from  a  distribution  of  localized  states  resulting  from  possible 
interface  disorder.  At  low-temperatures,  excitons  arc  localized  in  the  low-energy  sites 
at  the  heterointerface,  whereas  at  higher  temperatures,  thermal  detrapping  of  these  ex¬ 
citons  allows  them  to  migrate  until  they  eventually  become  trapped  at  a  nonradiative 
defect,  thus  shortening  the  observed  lifetime.  However,  these  conclusions  have  never 
been  directly  proven.  Indeed,  if  this  hypothesis  is  true,  then  the  observed  temperature 
invariance  of  the  PL  lineshape  suggests  that  Type-II  radiative  recombination  predomi¬ 
nantly  occurs  from  localized  states.  Tlius,  the  PL  spectra  is  indicative  of  the  energy 
distribution  of  localization  sites.  This  detrapping  may  also  occur  at  high  excitation 
powers. 

Our  transport  results  are  the  first  to  definitely  and  directly  show  that  this  localiza¬ 
tion  hypothesis  is  indeed  true.  Moreover,  we  have  quantified  the  magnimde  of  the 
diffusion  versus  temperature,  and  find  thermally  activated  transport,  with  an  activation 
energy  of  -  8.6  meV  —  40  %  larger  than  the  PL  linewidth.  We  conclude  the  ten^ 
erature-dependent  transport  is  due  to  a  temperature-dependent  occupation  of  mobile 
versus  stationary  “localized  states.”  The  transport  most  probably  occurs  by  thermal¬ 
ly-activated  hopping.  Additionally,  more  detailed  measurements  of  Type-II  exciton 
transport  versus  emission  energy  arc  currently  in  progress,  in  an  effort  to  identify  a 
possible  “mobility  edge.” 

These  results  may  also  permit  examination  of  heterointerface  quality.  Our  temp¬ 
erature-dependent  transport  is  most  likely  indicative  primarily  of  this  thermal  occupa- 


don  of  mobfle  versus  localized 
states,  instead  of  a  tenq)eraiure-de* 
pendent  mobility  of  the  delocalized 
excitoos.  Thus,  a  realistic  scaoering 
model  would  include  significant  lo- 
calizadon  and  a  tetiq)erature-dq)en- 
dent  occupadcm  of  the  mobile 
versus  locaHzed  states  —  leading  to 
quandficadon  of  scattering  or  cap¬ 
ture  times  into  the  localized  states. 
This  scattering  rime  may  also  be 
rda^  to  the  **dephasing[*  of  the 
excitonic  ensemble,  since  it  repres¬ 
ents  one  of  many  contribudtms  to 
the  total  dephasing.  These  issues 
will  be  addressed  in  the  future 
through  detailed  modeling  and  pos- 
siblv  direct  measurements  of  the 
dephasing  rate. 

V.  Condusion 

We  have  directly  measured  the 
transport  of  exdtons  in  Type-II 
short-period  GaAs/AlAs  superiat- 
tices,  for  the  first  dme.  We  have  quantified  dus  transport  and  find  thennalizadon  from 
highly-localized  states.  At  high  powers,  we  observe  an  initial  rapid  expansion  followed 
by  slower  transport  at  late  times.  This  results  from  the  fonnadon  and  transport  of  an 
indirect  electron-hole  plasma,  and  is  also  confirmed  in  our  time-resolved  PL.  Our  re¬ 
sults  also  quantify  the  heterointeiface  disorder  (8  meV  localization  energy). 

Supported  under  ONR  contracts  N(X)014-85-C-0868,  N00014-90-C-0077,  and 
N00014-91-M69/. 
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We  have  studied  intrinsic  free-cairier  recombinadoo  in  a  variety  of  GaAs  structures, 
including;  OMVPE-  and  MBE-prej^aed  GaAs/AltGai.xAs  double  heterostiuctures. 

NajS  passivated  GaAs  structures,  and  bare  GaAs  structures.  We  find  OMVPE-prq>ared 
structures  are  superior  to  all  of  these  other  structures  with  300  K  lifetiines  of  -  2.S 
|is  and  negligible  nonradiadve  interface  and  bulk  recombination,  and  thus  are  truly 
surface-fiee  (S  <  40  cm/s).  Moreover,  we  observe  systematic  trends  in  tqtdcal  prop¬ 
erties  versus  growth  conditions.  Lasdy.  we  find  that  the  presets  of  free-exciion  re¬ 
combination  in  the  low-temperature  photolominescence  qtectra  is  a  necessary  but  na 
sufficient  condition  for  optimal  opde^  properties  (i.e.  long  minority-carrier  bfedmes). 

1.  Introduction 

Bare  GaAs  surfaces  are  notorious  for  the  large  number  of  dangling  bonds  and  the 
corresponding  high-density  of  recombination  centers,  which  results  in  poor  electronic 
and  optical  properties.^  These  surface  states  act  as  sinks  for  noniadiativc  recombi¬ 
nation  of  minority-carriers,  and,  consequently,  may  have  a  huge  negative  impact  on  the 
optical  properties  of  minority-carriers,  including  photoluminescence  (PL)  efficiencies 
and  lifetimes.'"^  Formnately,  there  are  techniques  to  improve  xht  ^ority-canicr 
properties  through  the  reduction  of  the  nonradiative  surface  states.^*' This  passiva¬ 
tion  may  be  achieved  by  a  variety  of  means;  however,  the  most  successful  of  these 
techniques  is  by  epitaxial  growth  of  AlxGai_,As  layers  on  both  sides  of  the  active 
GaAs  layer.  In  this  paper  we  report  our  attempts  at  optimizing  minority-ccnier  prop¬ 
erties,  and  our  success  at  the  almost  total  elimination  of  the  competing  and  spurious 
nonradiative  decay  at  any  surface  or  interface  states.  This  was  achiev^  through  sys¬ 
tematic  variation  of  gro\^  parameters  and  subsequent  full  characterization  of  various 
optical  properties.  Thus,  we  have  discovered  the  optimal  growth  conditions  which 
yield  the  best  optical  properties,  and,  as  a  result,  may  compare  OMVPE-  and 
MBE-growth  as  well  as  heterointerfacial  quality. 

n.  Samples  and  Experiment 

In  the  last  few  years  we  have  studied  the  optical  properties  of  OMVPE-prepared, 
nominally-undoped,  symmetric  GaAs/AlojGaojAs  double  heterostructures.*  ~  After 
systematic  gro\^  parameter  variation,  we  arrived  at  this  optimal  set  of  growth  con¬ 
ditions:  Tg  =  750®C,  V/m  ratio  of  =  40,  30  second  growth  interruptions  at  each  in¬ 
terface,  and  35  nm/min.  growth  rate.  Resulting  GaAs  layers  were  n-type  (lO^^cm'j 
with  thicknesses  from  50  A  to  10  ^lm.  AlojOaojAs  layers  were  p-type  (lO^^cm"^) 
with  a  0.5  jim  thickness. 

Here,  our  goal  is  to  conduct  a  parallel  study  for  MBE-prepared  structures,  and  then 
to  compare  the  optical  quality  of  MBE  versus  OMVPE  structures.  Our  canonical 
sample  for  optimization  was  an  undoped,  symmetric  double  heterostructure  with  each 
of  the  3  layers  0.5  pm  thick.  We  have  systematically  varied  the  growth  temperature, 
growth  temperature  profile,  growth  rate,  and  interruption  time  to  achieve  optimal  re¬ 
sults.  Following  this  we  varied  the  GaAs-layer  thickness  (4.0  pm  to  50  A)  to  deter¬ 
mine  the  surface  recombination  velocity  for  these  structures. 

Our  optical  characterization  involved  measurements  of  room-temperature  PL  spec- 
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tra,  PL  tuDC-dccays,  all-optical  PL  im¬ 
aging  of  minority-cainer  transp<»t,  and 
2  K  PL  spectra  and  time  decays.  All 
dme-iesolved  PL  was  carried  out  with 
SO  ps  resolution.  Laser  excitation 
beams  were  defocussed  to  «  3  mm  and 
anenuated  to  <  0.1  nJ^ulse  energy  for 
PL  rimg  decay  measurements. 
nL  Results  and  Discussion 

PL  time  decay  kinetics  are  deter¬ 
mined  by  the  time-dependence  of  the 
minority-carrier  density.  This,  in  turn, 
is  governed  by  the  rate  ^nations  de¬ 
scribing  all  possible  radiative  and  non- 
radiadve  decay  charmels.^  These 
equations  may  be  then  used  to  fit  PL 
decay  kinetics,  thereby  assessing  the 
importance  of  each  contribution  to  the 
minority-carrier  decay. 

A.  OMVPE-Prcpared  Samples 

We  have  extensively  studied  the  ki¬ 
netics  of  fiee-carrier  and  fiee-exciton 
recombination  and  the  dynamics  of 
free-carrier  transport  in  our  series  of 
OMVPE-prcpaicd  double  hctero- 
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Flg.  1.  300  K  PL  time  decays  for  OJ  pm  OMVPE  nedcs  of  ^-carrier  and  free-exciton 
and  MBE  structures.  MBE  samples  were  grown  with  recombination  and  the  dynamics  of 
Al,Gai_xAs  barriers  and  growth  interrupts  as  shown,  fiee-carrier  transport  in  our  series  of 
with  one  using  Atomic  Layer  Epitaxy  (ALE).  OMVPE-prcpaxed  double  hetero- 

structures  (thicknesses  fiom  50  A  to  10  |J.m)  versus  temperature  (2  K  -  300 
In  total  we  find  the  quality  of  these  samples  to  be  quite  remarkable,  and  almost  une¬ 
qualled.  These  results  are  summarized  as  follows: 

(1)  Very  long  minority-carrier  lifetimes  —  >  2.5  ps  for  a  10  pm  thick  sample. 

(2)  Extremely  low  surface  recombinadon  velocides  —  <40  cm/s. 

(3)  Negligible  bulk  nonradiative  decay  —  tnr  >  3  ps. 

(4)  Long  minority-carrier  diffusion  lengths  —  Lj  >  100  pm. 

(5)  Prominent  free-exciton  PL  at  low  temperatures. 

Importantly,  we  find  that  all  decay  kinerics,  including  versus  temperature,  may  be 
readily  understood  by  a  set  of  coupled  rate  cquadons  describing  the  temperature-de¬ 
pendent  fiee-carrier  decay  and  capture  by  impurides  and  free-excitons.  Moreover,  all 
kinetics  results  agree  quantitatively  with  all  of  our  transport  measurements. 

B.  MBE-Prepared  Samples 

Before  attempting  to  assess  the  absolute  quality  of  the  MBE-prepared  double  het¬ 
erostructures  (i.e.  surface  recombination  velocities  from  detailed  thickness-dependent 
measurements),  we  chose  to  optimize  the  observed  optical  properties  of  a  canonical 
0.5  pm  thick  structure  through  variation  of  various  growth  parameters.  This  also  en¬ 
ables  a  detailed  comparison  with  our  0.5  pm  thick  OMVPE-prcpared  structures.  The 
possible  growth  parameters  which  may  be  varied  include:  growth  temperature,  growth 
rate,  Al^iGaj.xAs  barrier  composition,  growth  temperature  profile,  interruption  time 
at  each  heterointerface,  and  use  of  atomic  layer  epitaxy. 

Figure  1  shows  room  temperature  PL  time-decays  for  several  MBE-prepared 
samples  compared  to  our  canonical,  best  0.5  pm  thick  OMVPE-prepared  sample.  Here 
the  growth  parameters  varied  include  Al^Gai  _  ^As  barrier  composition  (Alo.3Gao.7As 
and  ALAs),  growth  interrupt  time  at  each  heterointerface,  and  use  of  atomic  layer  epi¬ 
taxy.  None  of  these  parameters  had  any  significant  impact  on  our  results.  Clearly 
these  results  are  inferior  to  our  OMVPE  results,  possibly  indicative  of  larger  nonradi- 
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adve  interface  recombinaiion.  These 
results  are  surprising  since  these  sam¬ 
ples  were  grown  in  reactors  routinely 
capable  of  producing  1  x  10^  cnP/Vs 
mobility  moduladon-doped  structures 
—  considered  to  be  indicative  of  high 
heterointerfacial  quality. 

Hgure  2  shows  300  K  PL  tune  de¬ 
cays  versus  growth  temperature.  Here, 
there  is  a  clear  and  ^stematic  trend 
with  lifetimes  increasin|  with  ^wth 
temperature.  The  maximum  lifetime 
of  sS  ns  is  achieved  at  the  highest 
growth  temperature  possible  in  this 
system  (-  740“C),  limited  by  the  As 
flux  required  to  keep  the  surface  As 
stabilized.  Thus,  powth  temperature 
^peais  to  be  an  important  factor  in 
irrqnoving  the  qitical  properties,  and 
hence  minority-cairier  properties,  in 
these  structures.  Further  study  of  other 
growth  parameters  is  currently  in  pro¬ 
gress. 


Fig.  2.  3(X)  K  PL  time  decays  versus  MBE  growdi  „  u-  i  •  • 

temperature  compared  to  our  canonical  OMVPE  03  L.  ourtace  Kecombination  Velocities 

tun  sample.  Lifetimes  represent  exponential  tail  of 
decay. 


At  this  point  we  may  proceed  with 
a  detailed  GaAs-layer  tmekness  de¬ 
pendent  study  of  kinetics  in  these  optimized,  high-growth  temperature  MBE  samples. 
Figure  3  shows  the  results  of  all  of  our 
measurements  in  all  of  our  structures. 

Hwe  X  is  plotted  versus  GaAs-layer 
thickness,  and  the  solid  lines  represent 
fits  to  the  lifetimes  yielding  the  surface 
recombination  velocities  and  bulk  nonra- 
diadve  decay  rates.  Our  OMVPE  sam¬ 
ples  are  clearly  superior  to  all  others, 
with  the  MBE  samples  next.  The  Na^S 
passivated  OMVPE  structures  are  inre- 
rior  to  both  of  these  other  permanent 
growth  techniques  (Na2S  is  hygroscopic). 

Further,  all  of  these  passivation  tech¬ 
niques  show  dramatic  improvement  over 
the  single  bare  GaAs  surface.  Addi¬ 
tionally,  we  find  that  these  changes  in 
lifetimes  arc  quantaridvely  reflected  in 
the  PL  efficiencies. 

D.  Free-Exciton  Recombinadon  Fig.  3.  3(X)-K  lifetimes  for  OMVPE  GaAV 

After  such  ftronrush  characterizadon 

of  heterointerfacjal  quality,  we  examined  strwtures  (0).  MBE  heterostructures  (□), 


the  low- temperature  PL  spectra  and 
dme-decays  for  these  OMVPE-  and 
MBE-prepared  samples.  We  find  all 
spectra  in  all  high-heterointerfacial  qual- 


and  LPE 

double  heterostructures  (from  Ref.  1)  (□)  —  all 
versus  GaAs-layer  ihicloiess.  Lines  represent  least- 
squares  Gts  yielding  interface  recombination  veloci¬ 
ties  shown. 
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Fig.  4.  (a)  1.8  K  PL  spectra  for  (top)  poor,  (middle) 
fair,  and  (bottom)  good  GaAs  heterostmctuies.  Note 
appearance  of  d^  at  free-exciton  resonance  in  poor 
sample,  (b)  Corresponding  lifetimes  to  same  sam¬ 
ples  in  (a)  at  300  K. 
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samples  (as  determined  by  3(X)  K 
lifetime  measurements)  unifomily  ex¬ 
hibit  fiee-exciton  emission,  as  opposed 
to  the  common  occurrence  of  the  dip  and 
so-called  “upper  ^  lower  exciton-po- 
lariton  branches.”"  This  ^pean  to  be 
a  necessary,  bus  not  si0icient  conditimi 
for  long  fim-canier  lifetimes  and  low 
interi^e-recombinaticm  velocities.  The 
“dead-layer”  which  is  thought  to  be  re¬ 
sponsible  for  the  above  mentioned  PL 
dip  may  also  influence  the  minority-car¬ 
rier  Idnedcs.  Figure  4  demonstrates  this 
connection  between  dead-layer  effects 
and  short  free-carrier  lifetimes. 

IV.  Conclusion 

We  have  demonstrated  the  possibility 
of  prqiaring  truly  “surface-frw”  struc¬ 
tures  through  the  growth  of  GaAs/ 
Alo3Gao.7As  heterostructures  and  have 
found  the  optimal  growth  conditions  for 
such  ideal  samples.  We  have  also  found 
that  OMVPE-prepared  structures  are  -  3 
times  supOTor  to  MBE-prepared  struc¬ 
tures.  lliis  appears  to  m  the  result  of 
increased  bulk  and  interface  recombina¬ 
tion.  Lastly,  we  have  observed  that 
high-quality  beterointerfacial  prop^es 
are  always  accompanied  by  prominent 
free-exciton  emission. 
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